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Mapping Mantle Mixing 


Mantle convection is the primary driving force for plate tectonics, but mantle convection also 
mixes material in the interior of Earth and controls heat flow from the core. The patterns of 
convection are often difficult to image directly with seismic waves—particularly on a global 
scale. French et al. (p. 227, published online 5 September) constructed a global tomographic 
model of the upper mantle and transition zone that is sensitive to changes in seismic velocity 
and anisotropy. The approach identifies elongated, horizontal structures in the upper mantle 
that are parallel to overlying plate motions. At greater depths, however, vertical plume-like 
structures extend from the lower mantle and disappear near the base of low velocity zones 


like those observed beneath Hawaii. 


Intestinal Villus Formation 


The intestinal villi are essential elaborations of 
the lining of the gut that increase the epithelial 
surface area for nutrient absorption. Shyer et 
al. (p. 212, published online 29 August; see 
the Perspective by Simons) show that in both 
the developing human and chick gut, the villi 
are formed in a step-wise progression, involv- 
ing the sequential folding of the endoderm 
into longitudinal ridges, via a zigzag pattern, 
to finally form individual villi. These changes 
are established through the differentiation of 
the smooth muscle layers of the gut, restrict- 
ing the expansion of the adjacent proliferat- 
ing and growing endoderm and mesenchyme, 
generating compressive stresses that lead to the 
buckling and folding of the tissue. 


The Origins of Europeans 


To investigate the genetic origins of modern 
Europeans, Brandt et al. (p. 257) examined 
ancient mitochondrial DNA (mtDNA) and were 
able to identify genetic differences in 364 Central 
Europeans spanning the early Neolithic to the 
Early Bronze Age. Observed changes in mitochon- 
drial haplotypes corresponded with hypothesized 
human migration across Eurasia and revealed the 
complexity of the demographic changes and evi- 
dence of a Late Neolithic origin for the European 
mtDNA gene pool. This transect through time 
reveals four key population events associated 
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with well-known archaeological cultures, which 
involved genetic influx into Central Europe from 
various directions at various times. 


Elastic to Plastic 


When a crystal is mechanically compressed, 

it first reacts elastically (reversibly), and then 
enters the plastic regime, in which the structure 
of the material is irreversibly changed. This 
process can be studied with molecular dynam- 
ics (MD) simulations on very fine temporal and 
spatial scales, but experimental analysis has 
lagged behind. Milathianaki et al. (p. 220) 
shocked polycrystalline copper with a laser 
beam, and then took successive snapshots of the 
crystal structure at 10-picosecond intervals. The 
results were compared directly with atomistic 
simulations and revealed that the yield stress— 
the point of transition from plastic to elastic 
response—agreed well with MD predictions. 


Glassy Eyed 


In crystalline materials, the collective motion of 
atoms in one- and two-dimensional defects— 
like dislocations and stacking faults—controls 
the response to an applied strain, but how 
glassy materials change their structure in 
response to strain is much less clear. Huang et 
al. (p. 224; see the Perspective by Heyde) used 
advanced-transmission electron microscopy to 
investigate the structural rearrangements in a 
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two-dimensional glass, including the basis for 
shear deformations and the atomic behavior at 
the glass/liquid interface. 


Remnants of a 
Water-Bearing World 


Stars like the Sun end their lives as white dwarfs. 
Farihi et al. (p. 218) used detailed spectroscopic 
analysis of a debris-accreting white dwarf, along 
with knowledge that such systems accrete this 
debris from remnants of rocky planetary bodies, 
to derive the water content in a disrupted extra- 
solar body. The findings suggest that the white 
dwarf contains the signature of a rocky minor 
planet composed of 26% water by mass. 


Viral Defenses 


In plants and invertebrates, RNA interference 
(RNAi) functions as an innate antiviral defense 
mechanism. Viruses that infect plants and inver- 
tebrates have evolved viral suppressors of RNAi 
(VSRs) that disable the RNAi pathway. Whether 
mammals use RNAi as a defense against viruses 
has been less clear (see the 
Perspective by Sagan 
and Sarnow). Li et al. 
(p. 231) and Mail- 
lard et al. (p. 235) 
studied mammalian 
cell lines and baby 
mice productively 
infected with RNA 
viruses and observed the 
production of virus-derived 

small RNAs (vsRNAs). When the putative VSR 
proteins of the infecting viruses were disabled, 
host RNAi-derived vsRNAs were much increased 
and the viruses were rapidly cleared and unable 
to mount a full-blown infection. Thus, RNAi also 
has an innate antiviral function in mammals. 


Unlucky Lakes 


The negative consequences of increased loading 
of nitrogen and phosphorus into aquatic eco- 
systems are well known. Management strategies 
aimed at reducing the sources of these excess 
nutrients, such as fertilizer runoff or sewage 
outflows, can largely mitigate the increases in 
nitrogen and phosphorus levels; however, it is 
unclear if these strategies are influencing other 
aspects of these ecosystems. Using a global 
lake data set, Finlay et al. (p. 247; see the 
Perspective by Bernhardt) found that reducing 
phosphorus inputs reduced a lake’s ability to 
export reactive nitrogen, exacerbating nitrate 
pollution. 
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Additional summaries 


Lymphocyte Metabolism 


Lymphocytes are highly dynamic cells, undergo- 
ing extensive proliferation upon infection and 
then reducing in number upon pathogen clear- 
ance. Lymphocytes also circulate through many 
different tissue environments that vary in their 
nutrient and oxygen availability. Recent studies 
have revealed changes in metabolic program- 
ming that facilitate this dynamic behavior. How 
these changes occur and the specific effects 
that they have on lymphocyte function and on 
the ultimate outcome of an infection are not 
well understood. Pearce et al. (p. 210) review 
recent progress in this area, suggest how paral- 
lels might be found in studying the metabolic 
changes seen in tumor cells, and propose chal- 
lenges for the future. 


Complexity and Diversity 


Complex organisms must produce and maintain 
an extraordinary diversity of cell and tissue types 
with a limited number of genes and molecular 
pathways. Cells accomplish this by reusing the 
same signaling networks at different times, in 
different tissues, and for different purposes, yet 
how this context-specificity is achieved is poorly 
understood. Jukam et al. (p. 211, published 
online 29 August) show how a set of genes that 
function in cell and tissue growth can be used 
again in nondividing fly photoreceptor neurons 
to ensure that flies develop appropriate sensitiv- 
ity to both blue and green light. The Hippo 
pathway undergoes a regulatory change—from 
negative to positive feedback—that requires a 
tissue-specific transcription factor network. This 
network uses evolutionarily conserved regula- 
tory factors whose mutations in humans result 
in degenerative retinal diseases. The context- 
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appropriate positive feedback in flies ensures 
an all-or-nothing fate decision necessary to 
establish a functional visual system. 


Two Viruses to Bind 


Structural studies of two different H7N9 
influenza viruses isolated from humans— 
A/Shanghai/1/2013 and A/Anhui/1/2013—which 
have different amino acid sequences in the 
receptor binding site, provide data indicating 
that the virus is in transition with respect to host 
adaptation. The Shanghai virus was one of the 
first isolated in humans that binds avian recep- 
tor glycans with high affinity, but binds 

poorly to human receptors. 
However, the later 
Anhui isolates can 
bind both avian and 
human receptors at 
high affinity. Shi et 
al. (p. 243, published 
online 5 September) 
show that four hydro- 
phobic mutations contribute 
to acquisition of affinity for the 

human receptor by the virus hemag- 

glutinin (HA) and confirm this effect in binding 
studies with virus particles. Further comparison of 
a mutant H7N9 A/Anhui/1/2013 HA with the bird 
flu H5N1 virus revealed the significance of some 
of the naturally occurring changes observed in 
circulating H7N9 viruses, which helps to explain 
how these viruses have been able to cause many 
severe human infections in a short time. 


RTEL1 in DNA Replication 


Genome stability requires the coordinate action 
of a variety of DNA maintenance systems. The 
DNA helicase, RTEL1 (regulator of telomere 
length 1), disassembles recombination interme- 
diates to avoid dangerous by-products. RTEL1 
also limits excessive meiotic crossing over and 
disassembles telomere T loops. Vannier et al. 
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(p. 239) now show that mammalian RTEL1 is 
part of the DNA replication machinery. RTEL1 
binds to proliferating cell nuclear antigen 
(PCNA), an interaction that was important for 
normal DNA replication, replication fork stabil- 
ity, and telomere stability. The RTEL1-PCNA 
interaction was also critical for protecting cells 
against tumorigenesis but was not required for 
telomere T-loop disassembly. 


Bacterial Détente? 


Type VI secretion systems (T6SS) correspond to 
dynamic intracellular organelles that are func- 
tionally analogous to contractile bacteriophage 
tails. The T6SS of several bacteria species have 
been found to be responsible for antagonistic 
behavior that likely reflects the translocation 
of toxic proteins (effectors) between cells. 
Pseudomonas aeruginosa is able to sense 
exogenous T6SS attack and assemble its own 
T6SS apparatus to launch a retaliatory attack 
aimed directly at the attacker. Now, Ho et 
al. (p. 250) describe how exogenous attack 
is sensed in a process that involves mem- 
brane disruption and suggest that the T6SS 
provides a general cellular defense mechanism 
against not only T6SS but also conjugative DNA 
elements delivered via the type IV secretion 
system involved in mating pair formation. 


BCL11A Variants 


Recent chromatin mapping data have sug- 
gested that trait-associated variants often mark 
regulatory DNA. However, there has been little 
rigorous experimental investigation of regula- 
tory variation. Bauer et al. (p. 253; see the Per- 
spective by Hardison and Blobel) performed an 
in-depth study of the BCL11A fetal hemoglobin- 
associated locus. The trait-associated variants 
revealed a chromatin signature that enhanced 
erythroid development. The enhancer was 
required for erythroid expression of BCL11A and 
thus for globin gene expression. 
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Marcia McNutt is Editor- 
in-Chief of Science. 


Shutdown! 


ON 1 OCTOBER, MORE THAN 800,000 WORKERS IN THE U.S. FEDERAL GOVERNMENT RECEIVED 
notices that they should not report for work “until further notice.” The federal government 
is effectively closed for business while the two branches of the U.S. Congress argue about 
whether a continuing resolution to fund the government until mid-November should defund 
health care reform in the process. Those laid-off workers include tens of thousands of 
government scientists deemed “nonessential.” 

Although the threat of a government shutdown had been looming for quite some time, I 
suspect that many scientists who had to abandon their work were not entirely prepared for 
the reality. It has been 17 years since the last shutdown, also over a medical issue (Medi- 
care). As leader of the U.S. Geological Survey (USGS) during President Obama’s first term, 
I helped prepare numerous shutdown plans for what has sadly become something of an 
annual drill, but fortunately I never had to implement any of them. 
In each case, Congress enacted budget legislation to keep the gov- 
ernment funded, even if only minutes before a midnight deadline. 
But this time, government scientists are literally locked out. The gov- 
ernment rules for a shutdown are so strict that many scientists are 
not allowed to continue their work even as unpaid volunteers. They 
have no access to their facilities or their government-issued comput- 
ers. Experiments are interrupted, time series are broken, continuity is 
destroyed, and momentum is lost. 

The entire scientific community will suffer if the shutdown is 
allowed to endure for any substantial length of time. University and 
industry laboratories cannot take up the slack: The research portfolios 
of the science mission agencies have been tuned in such a way that 
they do not compete with or duplicate the work done in nongovern- 
ment facilities. With the vagaries of peer review and the finite dura- 
tion of grants, it falls to government agencies to maintain critical long-horizon time series 
and infrastructure such as monitoring networks and observing systems. The science mission 
agencies have been responsible for much of the applied science done in the public interest; 
with the shutdown, they will no longer be able to track flu outbreaks, update real-time infor- 
mation on water quality and quantity, improve weather forecasts, develop advanced defense 
systems to keep us safe, and serve many more immediate needs. Many government labora- 
tories are also involved in translational activities that have not attracted private-sector invest- 
ment. Regulation, permitting, and oversight of some aspects of research typically fall to the 
federal government as an essential ingredient for the public good. Without the contribution 
from government science laboratories, the U.S. research system is greatly compromised. 

A shutdown takes a direct economic toll as well. Any organizations waiting for federal 
grants to be processed are left in limbo and may need to seek bridge funding to pay sala- 
ries. For federal employees, the pain is immediate and personal. Paychecks stop. Many fed- 
eral agencies are already furloughing employees for part of the year to cope with the recent 
budget sequester. Adding the shutdown to any furlough is a deep hardship for families just 
making ends meet. 

I sincerely hope that this shutdown is resolved quickly and that the impacts are minor. But 
if not, I urge the research community to take stock of real economic hardships, opportunities 
lost, and damage done, so as to more effectively argue for congressional action on the federal 
budget. From my time at the Department of the Interior, I know that one of the most effec- 
tive cases against federal shutdown was made by the National Park Service (NPS). The NPS 
was armed with excellent economic estimates of the nationwide ripple effects of closing the 
national parks on travel and tourism for both domestic and foreign visitors. I hope that the 
research community can do as well as the NPS. 

— Marcia McNutt 


10.1126/science.1246719 
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GEOCHEMISTRY 


Magma Writ Small 


Solid phases that precipitate from supersatu- 
rated solutions often form from the aggregation 
or self-organization of molecular clusters or 
nanoparticles. These undersaturated precursors 
have been documented in a number of materials 
for crystals growing from aqueous solution; 
however, at more extreme conditions, such as in 
magmatic systems composed of hot melts, 
evidence has been more circumstantial. 
Through a series of high-temperature quench- 
ing experiments from 950° to 1180°C, Helmy et 
al. demonstrate that Pt- and As-rich nanoscale 
phases form in sulfidic melts despite being 
present in low concentrations and far from 
saturation for macroscopic crystalline minerals. 
If Pt and other noble metals preferentially form 
continuums of nanoscale associations with As 
and related elements instead of homogeneously 
dissolving in the melt phase, their partitioning 
will largely depend on surface thermodynamics 
instead of chemical properties determined by 
simple partition coefficient experiments. — NW 
Nat. Commun. 4, 2405 (2013). 


DEVELOPMENTAL BIOLOGY 
Growing Vessels 


Blood flow in an animal is not only made possi- 
ble by blood vessel structure, but it also governs 
the development and remodeling of the vessels 

themselves. However, little is known about how 

mechanical forces affect endothelial cells so 

as to alter vessel diameter. Udan et al. have 
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EDUCATION 


Learners As Teachers 


This online learning platform allows m 


et al. investigated how members, e 


and activity associated with every p 
Peer University draws a pool of ove 
engaged in the community, and only 


completion, indicating a need to foste 


used time-lapse confocal microscopy to monitor 
vessel architecture and remodeling in cultured 
mouse embryos. Larger-diameter vessels contain 
more endothelial cells, but their proliferation 
was not affected by blood flow. Furthermore, 
changes in cell death did not account for ves- 
sel diameter variation. Instead, they observed 
that vessel fusion and directed endothelial cell 
migration depended on blood flow and that 


both contributed to an increase in vessel size. 
The former occurs near the vitelline artery and 
vein, where fluid flow is high, whereas the latter 
involves the migration and recruitment of endo- 
thelial cells from capillaries to regions of greater 
need. This work nicely elucidates the behavioral 


Published by AAAS 


EDITED BY GILBERT CHIN AND MARIA CRUZ 


Among emerging massive open online courses, the Peer 2 Peer University remains unique. 


embers to take the dual role of learners and teach- 


ers: All members are able to create courses, which can be accessed by any online user. 
To understand how this peer-created, peer-led online environment sustains itself, Ahn 


ither as learners or teachers, engaged with open 


online learning available through the platform. Data describing the nature, history, 


roject within the platform showed that the Peer 2 
r 40,000 users. However, 85% of members never 
18% of the courses were considered to be finished 


and thus implemented live on the platform. Although the Peer 2 Peer University users 
actively generate ideas to create courses, they struggle to see these courses through to 


r engagement with these teacher and learner users 


over time. Lack of motivation or community involvement may explain why some teachers 
leave their projects incomplete. Nonetheless, the data show how crowd-sourced education 
is useful for small groups with niche interests as well as broad audiences. — FB 


J. Online Learn. Teach. 9, 160 (2103). 


biomechanics of cells in vessel remodeling dur- 
ing development. — BAP 
Development 140, 4041 (2013). 


EVOLUTION 
Sunny Days 


The human melanocortin-1 receptor (MC1R) 
locus in humans is involved in regulating 
melanin synthesis and hence skin pigmenta- 
tion; some alleles are associated with lighter 
skin pigmentation, and several nonfunctional 
variants are associated with fair skin, red hair, 
and poor tanning capacity. Furthermore, light 
skin pigmentation is a risk factor for mela- 
noma. Martinez-Cadenas et al. examined the 
genetic diversity of the MC1R locus in Spain and 
compared it to those of other populations. MC1R 
showed high levels of diversity that appear to 
be due to high CpG content, which are sites of 
mutation. However, despite the high level of 
observed mutation, the authors found evidence 
that most alleles are being removed from the 
population and are under purifying selection 
in Spaniards. One exception was the most com- 
mon variant V6OL, which appears to be under 
positive selection, although it showed spatial 
heterogeneity. Interestingly, V60L was also the 
most common variant in a sample of melanoma 
patients, suggesting that although it may be 
under positive selection, it has a deleterious and 
postreproductive consequence as well. — LMZ 
Mol. Biol. Evol. 30, 10.1093/molbev/mst158 (2013). 
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BIOCHEMISTRY 
Homologous Recombination 


In the 1970s, we learned that eukaryotic 
DNA contains introns—segments that are 
removed from RNA transcripts by splicing to 
yield messenger RNA. Since then, introns have 
been shown to play roles in regulating gene 
expression. In the 1990s came another sur- 
prise, that some proteins contain intervening 
sequences—inteins, which posttranslationally 
excise themselves and religate the remnants. 
Protein splicing usually occurs intramolecularly 
(cis), with the product comprising two elements 
(exteins) that were separated by the intein. 
However, in cyanobacteria, protein splicing 
also occurs between (trans) two monomer 
precursors, each containing parts of an intein 
and an extein. Association of the two mono- 
mers completes the intein, and the splicing 
reaction joins the two exteins. Aranko et al. 
found that splicing can occur 
between a cis-splicing precursor 
and a trans-splicing precursor, 
yielding up to four distinct ligation 
products. Expressing cis-splicing 
inteins with an artificially created 
C-terminal split intein fragment 
resulted in alternative splicing for 
all inteins tested, though the ratio 
of cis to alternative splicing varied. 
NMR spectroscopy and crystallog- 
raphy confirmed that the alterna- 
tive splicing occurred through 
intermolecular domain swapping 
of inteins. — VV 

Nat. Chem. Biol. 9, 616 (2013). 


CHEMISTRY 
Multitunable Hydrogels 


Hydrogels, consisting of water-swollen cross- 
linked polymer chains, have proved a versatile 
platform for creating an artificial environment 
for cells. Through dynamic crosslinking, it is 
possible to spatially change the physical and 
chemical properties within the gel or to allow 
for drug delivery or degradation of the gel. 
One challenge is to find routes that allow for 
either modification of the mechanical proper- 
ties of the gel or of its local chemistry, without 
affecting the other. Gramlich et al. show that 
this is possible for a system based on hyal- 
uronic acid, which is a component of native 
extracellular matrix that has been functional- 
ized using norborene groups. Gelation occurs 
through the reaction of the norborene groups 
with a di-thiol, but only a few connections 
were needed to form the gel. Thus, remain- 
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ing pendant norborene groups were available 
for secondary reactions, either to tune the 
gel’s mechanical properties by using additional 
di-thiol linkages or by using mono-thiol groups 
to change the local chemistry by linking in addi- 
tional molecules such as peptides. For example, 
the compressive modulus ranged from 1 to 70 
kPa, depending on the extent of crosslinking 
for the same overall norborene content. Using 
reactions controlled by ultraviolet light made it 
possible to pattern the gels with either spatial or 
temporal control of the patterns. — MSL 
Biomaterials, 10.1016/j.biomaterials.2013.08.089 
(2013). 


CELL BIOLOGY 
Sequestration Stress 


All organisms age—at least that’s what we 
thought until now. Although we are familiar with 
the signs of aging in multicellular organisms 
such as ourselves, 
unicellular organ- 
isms also get old 
though replicative 
aging, measured 
as an increase in 
cell division times 
and an increased 
probability of 
cell death. For 
example, the 
budding yeast 
Saccharomyces 
cerevisae divides 
asymmetrically. The 
larger mother cell 
ages and normally 
dies after about 20 
divisions. Coelho et 
al. study the fission 
yeast Schizosaccharomyces pombe, which has 
rod-shaped cells that divide symmetrically, and 
show that under nonstressed conditions, neither 
of the daughter cells or their progeny age—all 
cells continue to divide at a roughly constant 
rate. Making the cell divisions asymmetric, 
producing larger and smaller daughter cells, 
also did not result in aging. Cells did occasion- 
ally die, but death was not preceded by signs 
of aging and instead was due to catastrophic 
failure of a cellular process. Under stressful con- 
ditions that cause the aggregation of misfolded 
proteins, fission yeast cells do age. The daughter 
cell and her progeny, which sequester the 
single large protein aggregate from the stressed 
mother cell, will age, whereas the unencum- 
bered daughters will remain ageless. — GR 

Curr. Biol. 23, 10.1016/j.cub.2013.07.084 (2013). 
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Namibia Top Choice for Gamma 
Ray Telescope 
A patch of bushy land in southern Namibia 
is the best candidate to host part of the Cher- 
enkov Telescope Array (CTA), which will 
be the world’s largest gamma ray telescope. 
Scientists representing the 27-country CTA 
Consortium met in Warsaw in September, 
ranking the Namibian site as the best of 
five options for the CTA’s southern array; 
four sites competing for the northern array 
earned equal ratings. 

Earth’s atmosphere obscures direct obser- 
vations of cosmic gamma rays, thought to 
be produced by violent astrophysical events 


Looking up. Researchers are rating sites for the Cher- 
enkov Telescope Array (artist's conception shown). 


such as supernovas. Cherenkov telescopes, 
however, detect the flash of light caused by 
the rays’ collision with atoms in the upper 
atmosphere. The CTA, expected to cost 
$270 million and be fully operational in 
2019, would be 10 times as powerful as cur- 
rent Cherenkov instruments and will focus 


on resolving two mysteries: the origins of 
cosmic rays, and the nature of dark matter. 

The rankings will be forwarded to a 
15-nation funding panel that will make the 
final siting choice; a decision is expected 
by the end of December, with final approval 
for the project expected by the end of 2014. 
http://scim.ag/CTAsite 


Alllolefddill & 

Dutch Challenge Russia 

Over Arctic Ship Seizure 

The Dutch government says it will take Rus- 
sia to international court over its seizure of 
a Greenpeace vessel used to stage a protest 
at an offshore Arctic oil platform. Rus- 
sian prosecutors last week 
filed piracy charges against 
30 people from 18 nations 
aboard the ship. 

On 19 September, Rus- 
sian security forces seized 
the Arctic Sunrise near a 
Gazprom rig in the Pechora 
Sea northwest of Russia. 
Greenpeace insists that the 
protest was peaceful and 
intended to raise awareness 
of the environmental risks of 
Arctic drilling. “Our activ- 
ists have been charged with 
a crime that did not happen,” 
said Greenpeace Interna- 
tional Executive Director Kumi Naidoo in 
a statement. On 4 October, Dutch foreign 
minister Frans Timmermans told reporters 
that his government will file an arbitration 
suit at the International Tribunal for the 
Law of the Sea to challenge the legality of 
the seizure of the ship, which sails under 
the Dutch flag. 

Among those jailed is former Science 


Seized. The Greenpeace ship Arctic Sunrise 
anchored outside Murmansk, Russia. 


contributor Andrey Allakhverdov, a press 
officer for Greenpeace Russia. He and the 
rest of the “Arctic 30” face up to 15 years in 
prison if convicted. 


‘Designer Baby’ Patent 
Concerns Bioethicists 
23andMe, the test-your-own-genes company 
in Mountain View, California, drew criticism 
from bioethicists last week for patenting a 
service that predicts the traits of a theoretical 
child. Critics said it might encourage people 
to try to conceive designer babies. 
Called the “Family Traits Inheritance 
Calculator,” the service is available only 
to 23andMe clients who permit this use 
of DNA data. The calculator does not rate 
disease risks but gives odds on six benign 
traits, including eye color and muscle perfor- 
mance. In Genetics in Medicine, ethicist 
Sigrid Sterckx of Ghent University in Bel- 
gium and three others write that the calcula- 
tor is “hugely ethically controversial” and 
that the U.S. government could have denied 
the patent on moral grounds. Other ethicists 
said they were not greatly concerned because 
people didn’t appear to be using the service 
to select embryos or end pregancies. 
23andMe has offered the prediction ser- 


OTE! 

Off with that head: New DNA analyses 
published this week in the European Jour- 
nal of Human Genetics are refuting claims 
that two famous specimens belonged 
to French kings: blood from Louis XVI, 
stored for centuries in an 18th century 
gourd; and a m ified head though 
to be that his ancestor Henry IV 
(the Y-chromosome resembled DNA iso- 
lated from the blood) (Science, 24 May, 
p. 906). http://scim.ag/BourbID 
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Two Million and Counting 


Rare as this carnivorous plant is, the purple pitcher plant Sarracenia 
purpurea has just gotten a lot easier to study. The pitcher plant is 
the 2 millionth specimen added to the New York Botanical Garden’s 
(NYBG’s) massive effort to take high-resolution photographs of the 
7 million plant specimens in its William and Lynda Steere Herbar- 
ium and digitize them. 

The digitization effort began in 
the 1990s to give Brazilian bota- 
nists and others access to informa- 


vt 
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2 vice since applying for the patent in 2008. 
E Company spokesperson Catherine A farian 
S wrote in an e-mail that 5 years ago “there 
was some thinking that this feature would 
have potential applications for fertility 
clinics,” but that the company “never pur- 
sued the idea and has no plans to do so.” 
http://scim.ag/designbaby 


Amsterdam 4 

Scientist Falsified Work, CV 

A Dutch anthropologist who studied the civil 

war in the former Yugoslavia engaged in 

“serious scientific misconduct,” according to 

an independent investigative panel’s report 

= released on 23 September. The report says 

8 that Mart Bax of the Free University made 

5 up 64 citations to papers—in journals such 

as Current Anthropology and the New Mex- 

ico Quarterly—on his CV and in university 

documents. Bax also embellished his CV 

2 with nonexistent guest lecturer positions at 

& Princeton and Cornell and phantom awards. 
Bax, who retired in 2002, published 

dozens of articles about Catholic tradi- 

tions in the Netherlands as well as fight- 

ing between Bosnians and Serbs in 1991 to 

°92 in Medjugorje, a village in Bosnia and 

Herzegovina. The panel determined that 

4 his scholarship is riddled with errors and 

5 blames Bax for not verifying his informa- 
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tion on the NYBG’s 450,000 plants 

from Brazil. At first, only data 

about the specimens went online, 
but in the 2000s, NYBG began add- 
ing images of the pressed plants, 
making it possible to study a spec- 
imen with the same magnification 
as under a microscope, says NYBG 
botanist Barbara Thiers. It took 
12 years to digitize the first mil- 
lion plants; 300,000 are now 
added each year. 


tion and doing nothing to correct state- 
ments he knew to be wrong. 

The panel also criticizes the Free Univer- 
sity’s executive board for dragging its feet 
on launching an investigation after Dutch 
science reporter Frank van Kolfschooten 
reported the allegations in a book last year. 
The university has decided not to take legal 
action against Bax. 


a 
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Microsoft Co-Founder Hints 


At Cell Bio Investment 


Microsoft co-founder and billionaire Paul 
Allen appears to have his sights on a cell 
biology initiative. At a 26 September sym- 
posium, he called understanding cell biol- 
ogy “another holy grail” and admitted he 
was interested 
in developing a 
dedicated insti- 
tute, according to 
a Puget Sound 
Business Jour- 
_ nal report. 
CEO Allan 
Jones of the Allen 
Institute for Brain Science says: “Paul is 
certainly interested in it. ... But beyond that, 
it’s sort of still in the planning stages.” In 
August, about 15 scientists and institute 


Paul Allen 


Published by AAAS 


THEY SAID IT 


For more tweets on science and the shut- 
down, visit: http://news.sciencemag.org/ 
tags/shutdown 


“While the government is 
shutdown, | can’t even apply 
for an internship with NASA. 
Come on politics, I'm just 
trying to science.” 

—Jered Hoff @jered_hoff 


“No new experiments. Halted 
research on deadly brain 
disease #PML at NIH. Only 
allowed to maintain cell lines. 
#essentialscience #shutdown” 


—Michael Ferenczy @ViralScience 


representatives met to discuss the future 

of biology research, says computational 
biologist Sean Eddy of the Howard Hughes 
Medical Institute’s Janelia Farm Research 
Campus in Ashburn, Virginia, though no one 
mentioned plans for an institute. Whether 
any new project would match the scale of 
the brain institute—launched with Allen’s 
$100 million investment in 2003—is yet to 
be seen. http://scim.ag/AllenCellBio 
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FINDINGS 
Malaria Vaccine Buzzes Forward 


The developer of a malaria vaccine that has 
moved further in clinical trials than any other 
plans to seek regulatory approval because 

of promising new results. The vaccine has 
demonstrated only a modest ability to protect 
children from malaria, but proponents say 
data from a study that involves more than 
15,000 children in seven sub-Saharan African 
countries show that it creates durable immu- 
nity and could complement other efforts, 
such as bed nets, to thwart the disease. “The 
results are encouraging and perhaps more 
positive than some were expecting,” says 
Richard Feachem, a malaria specialist at the 
University of California, San Francisco, who 
was not involved with the study. 

The new data, presented at a malaria 
meeting in South Africa this week, showed 
that 18 months after receiving three doses 
of the vaccine, bouts of malaria dropped by 
46% in children between 5 months and 
17 months of age. Feachem says he supports 
the decision by the vaccine’s maker, Glaxo- 
SmithKline, to file for regulatory approval 
in 2014. “The sooner we start, the more lives 
will be saved,” Feachem says. 
http://scim.ag/malariaenough 


Earning a Good Salary? Thank 
Your Fourth-Grade Teacher 


Students who have even one above-average 
teacher between the fourth and eighth grades 
are more likely to attend college and eventu- 
ally earn more money, notes a study in the 
Proceedings of the National Academy of Sci- 


Payout. Good teachers can help you earn more. 


ences. Economist Gary Chamberlain of Har- 
vard University analyzed data on more than 
a million students from 1988 through 2009 
at more than 800 schools in a single large 
urban area in the United States (unidentified 


Random Sample 


RoboRoach: Imperio! 


At the TEDx conference in Detroit last week, RoboRoach #12 scuttled across the exhibition floor 
bearing a tiny backpack of microelectronics. Its direction was controlled by the brush of a finger 
against an iPhone touch screen. 

RoboRoach is a do-it-yourself neuroscience experiment that allows students as young as 
10 years old to create their own “cyborg” insects, say creators Greg Gage and Tim Marzullo, 
both neuroscientists and engineers, and co-founders of an educational company called Back- 
yard Brains. In November, the company will begin shipping live cockroaches, accompanied by 
microelectronic hardware and surgical kits, across the nation for $99. 

The roaches’ movements are controlled by electrodes that feed into their antennae and 
receive signals via Bluetooth signals emitted by smartphones. To attach the device, students are 
instructed to douse the insect in ice water to “anesthetize” it, sand a patch of shell on its head 
so that the superglue and electrodes will stick, and insert a groundwire into the insect’s thorax. 
Next, they must carefully trim the insect’s antennae, and insert silver electrodes into them. 

Gage says that the roaches feel little pain from the stimulation, to which they quickly adapt. 
But critics say the project is sending the wrong message. “They encourage amateurs to operate 
invasively on living organisms” and “encourage thinking of complex living organisms as mere 
machines or tools,” says Michael Allen Fox, a professor of philosophy at Queen’s University in 
Kingston, Canada. 

Bioethicist Gregory Kaebnick of the Hastings Center in Garrison, New York, who says he 
finds the product “unpleasant,” likened it to the forbidden “Imperius Curse” of the Harry Potter 
novels. The RoboRoach, he says, “gives you a way of playing with living things.” 
http://scim.ag/Roboroach 


4 


for privacy reasons). The data included class- | high-quality teacher sends nearly 1% more 

room assignments, test scores in grades four | students to college. Future work could try 

through eight, students’ later college atten- to answer why teachers have such a long- 

dance, and their earnings at age 28. lasting impact by looking at other ways of 
Chamberlain developed a new mathemat- | gauging teacher quality, such as evaluations. 

ical model to compare different classrooms http://scim.ag/teacherimpact 

within the same school and different classes 

run by the same teacher. Based only on test 

results, Chamberlain found, an above- LIVE 

average teacher bumps up a student’s Join us on Thursday, 17 October, at 3 p.m. 

chances of college attendance by less than a EDT for a live chat on how humans are 

quarter of a percent. But taking into account affecting our own water supplies. 

other longer-term data—untested skills http://scim.ag/science-live 

teachers impart that help students thrive—a 
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PRIZES 


Higgs and Cell Studies Nab Nobels 


There was little doubt about who would be 
getting a call from the Nobel physics com- 
mittee on 8 October. But that didn’t make the 
hourlong delay before the announcement any 
less excruciating. After last year’s hullabaloo 
over the discovery of the Higgs boson by the 
Large Hadron Collider (LHC) at CERN, the 
European particle physics laboratory near 
Geneva, Switzerland, the laureates just had 
to include Peter Higgs and Francois Englert, 
two of the gaggle of theorists who proposed a 
mechanism that gives force-carrying funda- 
mental particles mass and that required the 
existence of the now-famous boson. 

But that nail-biting delay spoke vol- 
umes: Would they or wouldn’t they name a 


PETER HIGGS 


aRNAKES 
NOBEL PRIZE 2013 


third laureate, as their rules allow, or even 
an organization (CERN) alongside the other 
two? Nobel committees are famously reticent 
about the debates that go on behind closed 
doors, but one physics committee member 
said in an interview that the delay was the 
result of “a very good discussion.” In the end, 
the committee played safe and stuck with the 
pair who have an unassailable claim to recog- 
nition. “It was the right choice,” says former 
CERN Director-General Chris Llewellyn 
Smith of the University of Oxford in the 
United Kingdom. 

“You may imagine this is not very 
unpleasant, of course,” Englert, of the Free 
University of Brussels, told reporters after 
the announcement. “I am very happy to have 
the recognition of this extraordinary award.” 
Higgs, of the University of Edinburgh in the 
United Kingdom, said in a statement that he 
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was “overwhelmed to receive this award.” 
After waiting nearly 50 years since their orig- 
inal papers, “it was worth waiting another 
hour for,” says theorist Frank Close of the 
University of Oxford. 

The prize celebrates a theoretical break- 
through in the mid-1960s when physicists 
were still piecing together their “standard 
model” describing the fundamental par- 
ticles and natural forces other than gravity. 
The problem is that, at first sight, the the- 
ory describes only massless particles, and 
attempts to include mass made it nonsensical 
mathematically. Higgs, Englert, and others 
solved the problem by proposing a new field 
filling empty space, later dubbed the Higgs 
field. Particles interact 
with the field to acquire 
energy and, hence, mass. 

It was Englert and his 
colleague Robert Brout, 
also at the Free Univer- 
sity, who first published 
a theory in August 1964. 
Higgs published his ver- 
sion 7 weeks later. But 
then in November, a third 
group—Tom Kibble of 
King’s College London; 
Gerald Guralnik, now at 
Brown University; and 
Carl Hagen, now at the 
University of Rochester 
in New York—published 
its own version, considered by many the 
most thorough and complete. 

Brout died in 2011, leaving five living 
researchers with a claim to the prize, which 
cannot be awarded posthumously. Nobel 
Prize rules restrict it to no more than three 
recipients—hence the committee’s dilemma. 
Englert was a shoo-in because of precedence, 
and Higgs first realized that the Higgs field 
required its own force-carrying particle. 
“Higgs made the extra step: a testable conse- 
quence,” Llewellyn Smith says. 

But the other three? “They were scooped,” 
Close says. He thinks Kibble should have 
been the third laureate because he made fur- 
ther refinements to the theory in 1967 and 
“had been there throughout [its develop- 
ment].” But Kibble himself says he has no 
hard feelings. Because of his group’s later 
publication, “it was very difficult to include 
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us,” he says. “But I’m glad they’ve recog- 
nized this topic, as it is a very important one.” 
Close also thinks this award should be 
dedicated to “a triumph of engineering”: the 
LHC. The fact that it was built, that it works, 
and that it did what it was designed for in 
discovering the Higgs boson should be cel- 
ebrated. “It is experiment that decides what 

reality is,” he says. 
—-DANIEL CLERY 


Cell Transport Win Long Overdue 
On 7 October, Randy Schekman got the 
phone call he had long hoped for but thought 
might never come. At 1:30 a.m. his time, 
the University of California (UC), Berkeley, 
cell biologist learned that he was sharing the 
2013 Nobel Prize in physiology or medicine 
with James Rothman and Thomas Siidhof for 
their pioneering work on how cells package 
and move their hormones, neurotransmitters, 
and other molecules. “I’d more or less given 
up, but every year at this time I get anxious,” 
Schekman says. 

For years, he and Rothman, a cell biolo- 
gist at Yale University, had been on many peo- 
ple’s Nobel shortlist. Together with Stidhof, 
a Stanford University neurobiologist, “these 
scientists are really responsible for working 
out the molecular basis for protein secretion 
and membrane trafficking,” says Suzanne 
Pfeffer, a molecular cell biologist also at 
Stanford University in Palo Alto, California. 
“Tt’s well-deserved and long overdue.” 

Cell biologists have long recognized that 
proteins are shuttled through and out of cells 
using tiny membrane bubbles called vesicles, 
but until the late 1970s they had little infor- 
mation about the molecular mechanisms 
involved. Then Schekman and Peter Novick, 
now a cell biologist at UC San Diego, began 
to identify mutant baker’s yeast strains that 
still made secreted proteins—but could not 
release them. The duo identified 23 genes 
involved in different stages of membrane traf- 
ficking. Since then, Schekman’s lab team has 
systematically pinned down those genes’ pro- 
teins and their specific roles. 

Around the same time, Rothman was 
reconstituting a key cellular component called 
the Golgi complex in a test tube. Cells shuttle 
newly made proteins into the Golgi complex, 
where they are sorted and then dispatched in 
vesicles to other parts of the cell or to the cell 


11 OCTOBER 2013 


175 


Downloaded from www.sciencemag.org on October 11, 2013 


176 


A NEWS&ANALYSIS 


surface for secretion. With 
their innovative cell-free 
Golgi system, Rothman’s 
team began isolating pro- 
teins that help vesicles to 
pinch off from one mem- 
brane and then fuse with a 
target membrane. One of 
the first ones they found, 
called NSF, proved to 
have a counterpart among 
the yeast proteins that 
Schekman was isolating. 
“There was a moment 
of epiphany in the field,” 
says cell biologist William 
Wickner of Dartmouth 
College. With the discovery of many more 
such counterparts, “it meant that the whole 
[intracellular transport] pathway was con- 
served from yeast to humans.” 

Next Rothman and Thomas Sdéllner, now 
at Heidelberg University in Germany, iso- 
lated what Rothman called SNARE proteins. 
In 1993, Rothman proposed that SNAREs on 
both the vesicle and target membranes link up 
via a protein complex that guides each vesicle 
to the right spot for dumping its contents—a 
hypothesis that has largely held up. 

It turned out that researchers studying 
neurons, Siidhof among them, had SNARE 
proteins already in hand from their stud- 
ies of how nerve endings called synapses 
release neurotransmitters. “Our work sur- 
prisingly converged,’ Schekman says. “We 
had no idea that we would end up isolating 
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many of the same molecules.” 

Many neuroscientists have long expected 
that Stidhof would join the Nobel ranks. “The 
guy is on a mission: He won’t rest until he’s 
got his hands on the last relevant player at the 
synapse and knows what it does there,” says 
former postdoc Markus Missler, a neuro- 
biologist at the University of Miinster in Ger- 
many. Born and trained in Germany, Stidhof 
came to the United States to work on cho- 
lesterol in the labs of Michael Brown and 
Joseph Goldstein at the University of Texas 
Southwestern Medical Center, who received 
a Nobel themselves in 1985. But after starting 
his own lab, Siidhof used electrophysiology, 
mouse genetics, and biochemistry to dissect 
the workings of neurotransmitter release. He 
identified key protein components that guide 
vesicles of neurotransmitters to the outer 


THOMAS SUDHOF 


membrane of a neuron 
and trigger their release 
in response to an influx of 
calcium ions. 

The Nobel Prize offi- 
cially acknowledges that 
early work, but Siidhof 
has continued to study 
the precise mechanisms 
of synaptic transmission. 
Hundreds of labs now 
work on molecules that he 
has identified as impor- 
tant to neural signaling, 
Missler says, including 
neuroligins, which may 
malfunction in autism. 

By including Stidhof in the award for 
membrane trafficking, the Karolinska Insti- 
tute in Stockholm may have preempted a 
future award devoted purely to synapses, 
which several neuroscientists say could have 
sensibly included Reinhard Jahn of the Max 
Planck Institute for Biophysical Chemis- 
try and Richard Scheller of Genentech, with 
whom Siidhof shared the 2010 Kavli Prize 
and last month’s Lasker Award. Yet no one 
is quibbling with the choice of the trio. “We 
have three scientists who were marching to 
their own drummer, scientifically,’ Wickner 
says. “Their work has come together to under- 
stand a very fundamental and conserved pro- 
cess [that’s] fundamental to human health and 
disease and to the biosphere.” 

—ELIZABETH PENNISI AND 
EMILY UNDERWOOD 


U.S. Shutdown Tightens Its Grip on Research 


Uh-oh, this could get a whole lot worse. 
That’s what many U.S. scientists are realizing 
as a government shutdown stretches into its 
second week with no end in sight. 


The shutdown, which began | October 
after Congress could not agree on spend- 
ing for the 2014 fiscal year, immediately 
idled hundreds of thousands of government 


Blinded. A lack of government funding forced astronomers to turn off three U.S.-based radio telescopes, 
including the Very Large Array in New Mexico. 
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employees, paralyzed grantmaking by key 
science agencies, and disrupted countless 
research projects and meetings (Science, 4 
October, p. 22). But last week, the longer- 
term peril posed by the crisis came into focus, 
as some heavily used science facilities began 
to run out of money. 

Astronomers shut down three power- 
ful radio telescopes. The National Science 
Foundation (NSF) warned that it might have 
to cancel its upcoming Antarctic research 
season. And at the 10 national laborato- 
ries supported by the Department of Ener- 
gy’s Office of Science, managers warned 
that academia and industry could soon lose 
access to synchrotrons and other popular 
tools. “I don’t think we can make it through 
a month,” says Thom Mason, director of the 
Oak Ridge National Laboratory in Tennes- 
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see. ““We’re trying to take it day by day.” 

The labs didn’t immediately close because 
they are run for the government by contrac- 
tors, which have tapped money left over 
from the 2013 fiscal year. At the Argonne 
National Laboratory in Illinois, that means 
the Advanced Photon Source, an x-ray syn- 
chrotron that supports 4600 researchers, can 
operate for roughly another month. Other 
projects may lose funding sooner. 

The rainy day fund didn’t stretch very far 
at the National Radio Astronomy Observa- 
tory (NRAO) in Charlottesville, Virginia, 
which operates radio telescopes for NSF. 
On 4 October, it turned off all three of its 
U.S.-based observatories: the Robert C. 
Byrd Green Bank Telescope in West Vir- 
ginia; the Karl G. Jansky Very Large Array 
in New Mexico; and the Very Long Baseline 
Array (VLBA) of 10 telescopes stretching 
from Hawaii to the Virgin Islands. Money 
for NRAO’s contribution to a multinational 
project, the Atacama Large Millimeter/sub- 
millimeter Array in Chile, could run out in 
a few weeks, but other countries might take 
up the slack. 

Astronomer Mark Reid of the Smithson- 
ian Astrophysical Observatory in Cambridge, 
Massachusetts, is part of a team using the 
VLBA to map the spiral arms of the Milky 
Way galaxy, relying on twice-yearly mea- 
surements, made at opposite ends of Earth’s 
orbit, to determine distances to stars. If the 
shutdown doesn’t end by mid-October, in 
time for the next observing window, he says a 
year’s worth of data that cost some $500,000 
to collect could become useless. 

At the National Institutes of Health (NIH), 
biomedical researchers got a little good news. 
After a member of Congress complained that 
a freeze on an online database was preventing 
new patients from enrolling in clinical trials, 
NIH got permission to call back workers to 
update ClinicalTrials.gov. NIH has also said 
that it can admit children with life-threaten- 
ing illnesses to its clinical research center. 
NSF says it has funds to operate its Antarctic 
bases and supply systems through 14 Octo- 
ber, but will cut back to skeleton crews after 
that. And if the shutdown continues through 
31 October, it must suspend several major 
science construction projects, including a 
solar telescope and ecological and ocean 
observing systems. 

Meanwhile, Congress could not agree ona 
bill that would have given the politically pop- 
ular NIH a temporary reprieve from the shut- 
down—evidence of the depth of the impasse. 

-DAVID MALAKOFF 


With reporting by Adrian Cho, Jocelyn Kaiser, and 
5 Jeffrey Mervis. 
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NASA Meeting Bars Chinese Students 


Late last month, Yale University postdoc 
Ji Wang was preparing a poster presenta- 
tion for a 4 to 8 November meeting that will 
showcase data from NASA’s Kepler planet- 
hunting probe when he got word that he would 
not be able to attend. In a 1 October follow- 
up e-mail to his boss, astrophysicist Debra 
Fischer, Mark Messersmith of NASA’s Ames 
Research Center in California said “federal 
legislation forbids us from hosting any citi- 
zens of the People’s Republic of China.” 

In all, NASA has blocked six Chinese sci- 
entists from attending the conference, to be 
held at Ames. The move has enraged the sci- 
entific community and caused some to call for 
a boycott of the conference. And while many 
scientists have blamed Congress, the policy 
originated with NASA. The furor has made 
many scientists aware for the first time how 
much pressure the agency is facing to show 


U.S.A., U.S.A. NASA Administrator Charles Bolden. 


that it is able to thwart foreign attempts to 
obtain U.S. military and economic secrets. 

Fischer regards the exclusion of Chinese 
citizens from the meeting as thinly veiled dis- 
crimination. “Just substitute ‘black’ or ‘Jew’ 
and you’ll see what I mean,” she says. Three 
American students from her lab have decided 
to boycott the meeting out of solidarity with 
Wang—a move Fischer applauds despite her 
fears that it will hurt their careers by robbing 
them of an opportunity to network with poten- 
tial employers. 

In reality, no law precludes Wang’s atten- 
dance. His registration was rejected because 
NASA Administrator Charles Bolden decided 
this spring to impose a “moratorium on grant- 
ing any new access to NASA facilities to 
individuals [from] China, Burma, Eritrea, 
Iran, North Korea, Saudi Arabia, Sudan, and 
Uzbekistan.” Bolden announced the new 
policy, which he called a temporary measure 
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pending an outside review of NASA security 
policies, at a 20 March hearing before a U.S. 
House of Representatives spending panel that 
oversees NASA’s budget. The panel’s chair- 
man, Representative Frank Wolf (R—VA), is 
an outspoken critic of China’s human rights 
record and has also criticized NASA for its 
vulnerability to espionage. 

In 2011, Wolf inserted language into a 
NASA spending bill that prevents the agency 
from collaborating with the Chinese govern- 
ment or any government-owned companies 
and from “hosting official Chinese visitors” 
at any NASA facilities. That policy triggered 
a bitter fight between Wolf and the Obama 
administration (Science, 29 April 2011, 
p. 521), although neither side saw it as apply- 
ing to individual scientists, much less Chi- 
nese students attending U.S. universities. In 
a letter this week to Bolden, Wolf explains 
that the law “places no restric- 
tions on activities involving 
individual Chinese nation- 
als” and says Messersmith’s 
rejection letter to Wang “mis- 
characterizes the law and is 
inaccurate.” Wolf asks Bolden 
to “correct the record.” 

Officials at Ames and at 
NASA headquarters were not 
available to comment because 
of the government shutdown. 
Meanwhile, many scientists 
confess that they were not 
familiar with either the mora- 
torium or the congressional 
language before the current flap. “We sim- 
ply did not know that this was an issue,” says 
asteroseismologist Steve Kawaler of Iowa 
State University in Ames, co-chair of the 
meeting, which had about 400 people register. 

Meeting organizers say they agree with 
critics that prohibiting attendees by national- 
ity is “deplorable,” but they don’t think boy- 
cotting the meeting is an appropriate response. 
Kawaler would prefer to see the policy issues 
discussed “alongside the scientific presenta- 
tions” so that attendees can then spread the 
word to the broader community. 

Ironically, the Kepler meeting was one of 
the few large conferences that NASA didn’t 
cancel as a result of budget cuts from this 
year’s sequester. And Kawaler says that he still 
hopes to find some way for “our Chinese col- 
leagues” to participate without running afoul 
of NASA’s moratorium or the law. 

—JEFFREY MERVIS 
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DUAL-USE RESEARCH 


Dutch H5N1 Ruling Raises New Questions 


AMSTERDAM—In December 2011, the Dutch 
government asked virologist Ron Fouchier to 
do something unheard of. Fouchier had shown 
how a few mutations could make the HSN1 
bird flu virus transmissible among ferrets—a 
finding so serious, the government concluded, 
that it warranted review as “dual-use” tech- 
nology that can be 
used for good or evil. 

Before Fouchier 
could send a second 
draft of his paper to 
Science in Washing- 
ton, D.C.—he had 
submitted a first draft 
earlier in the year—the government required 
him to apply for an export license, as if it were 
an advanced circuit rather than a research 
report. Fouchier was outraged about what he 
saw as a “violation of academic freedom,” but 
he complied, under protest, and his paper was 
published in June 2012. 

Now it appears that far from being an 
anomaly, the episode has set a precedent, 
raising complex ques- 
tions about how the 
Netherlands will regu- 
late sensitive biomedi- 
cal research in the future. 
Fouchier’s employer, 
Erasmus MC in Rotter- 
dam, had protested the 
original requirement and 
took the issue to court. 
But in a 20 September 
ruling, a district court in 
Haarlem said that gov- 
ernment officials had 
correctly interpreted a 
2009 E.U. regulation 
aiming to prevent the 
proliferation of nuclear, 
chemical, and biological 
weapons when they asked 
Fouchier to apply for an 
export license. 

Opponents of the 
research, who support 
additional roadblocks 
to what they see as dan- 
gerous studies that may 
help bioterrorists create a 
pandemic flu strain, wel- 
comed the decision. But 
experts in nonprolifera- 
tion say that, whatever 
you think of Fouchier’s 


32 viruses 


15 bacteria 


2 fungi 


“This has to be taken up at the 
European level. | don’t see 


any alternative.” 


—IAN ANTHONY, STOCKHOLM INTERNA- 
TIONAL PEACE RESEARCH INSTITUTE 


E.U. regulatons limit the 
exportation of dozens of 
pathogens. They include: 


E.g., smallpox, Ebola, yellow fever 


E.g., Yersinia pestis, E. coliO157 


4 Rickettsia species 
E.g., Coxiella burnetii (the cause of O fever) 


19 types of toxin 


E.g., botulinum toxins, ricin 


17 viruses and 2 mycoplasmas 
E.g., Bluetongue virus 
and some avian flu viruses 


2 viruses, 5 bacteria, and 6 fungi 
E.g., potato viruses and a coffee fungus 


research, export control isn’t the best way 
to keep biomedical research in check. “The 
Dutch government used this as a stopgap 
measure at the time; it was the only way to 
get some legal traction on Fouchier,” says Ian 
Anthony, research coordinator at the Stock- 
holm International Peace Research Institute. 
Now, it may have 
to review dozens or 
hundreds of papers 
every year as a result, 
Anthony warns. 

Fouchier’s study 
was one of two HSN1 
“gain-of-function” 
papers that caused a worldwide uproar in late 
2011 after a U.S. oversight body, the National 
Science Advisory Board for Biosecurity 
(NSABB), recommended not publishing 
them in full. The second was a similar study 
by Yoshihiro Kawaoka from the University of 
Wisconsin, Madison. 

NSABB’s advice led the U.S. government 
to temporarily slap export restrictions on 
Kawaoka’s study as well. 
But the United States 
lifted these requirements 
after NSABB reversed 
its decision on the two 
papers in March 2012 
(Science, 6 April 2012, 
p. 19). The Dutch gov- 
ernment, in contrast, 
stuck to its position, 
based on an E.U. regula- 
tion prosaically known 
as 428/2009, which 
applies to certain bird flu 
strains, including HSN1. 

An annex within 
the 269-page docu- 
ment makes exceptions 
for “basic scientific 
research” and for infor- 
mation already “in the 
public domain.” Eras- 
mus MC had argued 
that the study was basic 
research, and that it used 
methods already in the 
public domain. 

The court dis- 
agreed. Making H5N1 
more transmissible was 
a “practical goal,” the 
judge said, and while the 
methods might have been 


known, the researchers had “taken steps and 
made choices that have led to entirely new 
outcomes.” Any exemptions in the regula- 
tion “should be interpreted strictly,” the court 
said. But legal experts say the ruling raises 
new questions: 

e What does it mean for other Dutch 
researchers? 

The E.U. regulation came with a list of doz- 
ens of pathogens for which export rules 
apply (see table). The Dutch Ministry of For- 
eign Affairs, in written answers to questions 
from Science, says scientists working on any 
of these pathogens—unless they’re doing 
strictly fundamental research—now need to 
start seeking export licenses as well. It plans 
to raise awareness of the issue and expects to 
receive some 100 applications annually. 

@ What about European journals? 

Because the regulation covers exportation 
outside the European Union, Fouchier says 
that he can still submit similar HSN1 papers to 
Nature, based in London, or any other Euro- 
pean journal. The government disagrees— 
and it may win that argument, Anthony says. 
Sending a manuscript to Nature in hopes of 
publishing it worldwide would be akin to 
shipping nuclear material to the United King- 
dom knowing it will be sold to Iran, he says: 
“T think the Dutch government would have a 
very strong case to prosecute Fouchier.” 

¢ Does the ruling create a rift between the 
Netherlands and the rest of the European 
Union? 

Fouchier says the verdict puts him at a dis- 
advantage as a scientist because other E.U. 
countries don’t appear to interpret the reg- 
ulation the way the Netherlands now does. 
Anthony agrees. “If you have 28 differ- 
ent interpretations, the whole law will fall 
into disrepair,” he says. “So this has to be 
taken up at the European level. I don’t see 
any alternative.” 

That might happen if Erasmus MC fights 
the issue all the way to the European Court 
of Justice, the ultimate arbiter of E.U. law. 
A “more logical and cheaper approach,” 
Anthony says, would be if the existing E.U. 
intergovernmental working group on export 
control produces a common understanding 
on the interpretation of the regulation. 

Erasmus can appeal the verdict until 
1 November; it hasn’t decided whether it will 
do so. Meanwhile, Fouchier has filed for a 
new export license, for a follow-up study to 
last year’s Science paper on HSN1. Under 
protest, of course. —MARTIN ENSERINK 
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PSYCHIATRIC RESEARCH 


Severe Autism, Often Slighted, 
Now Targeted for Study 


Greg Kapothanasis is 20 years old but has 
the cognitive ability of a preschool child— 
and he can’t speak. Two years ago, after his 
school bus ride lengthened to nearly an hour, 
the 6-foot-tall teenager became increasingly 
aggressive, lashing out at people, hitting him- 
self on the head, and moving around unpre- 
dictably. “The noise really set him off,” recalls 
his mother, Irene. “He just started bouncing 
off the walls.” 

Greg has severe autism. His parents had 
him admitted to Spring Harbor Hospital, in 
Westbrook, Maine, which specializes in sta- 
bilizing such children with acute behavioral 
problems. Child psychiatrist Matthew Siegel 
determined that Greg also suffered from an 
anxiety disorder that triggered his aggression. 
Clinicians who don’t work with severe autism 
might not know how to assess the mindset of 
a nonverbal adolescent with the IQ of a tod- 
dler. But Siegel knew what to look for. 

Siegel’s expertise is now being used on a 
bigger scale. This month, with $1.2 million 
in grant funding from the Simons Foundation 
and the Nancy Lurie Marks Family Founda- 
tion, Siegel is spearheading a new consor- 
tium dedicated to studying severe autism. 
Together, the six consortium members— 
all in-patient facilities staffed by psychia- 
trists and behavioral specialists—will admit 
roughly 1000 autistic children in acute behav- 
ioral distress per year. By joining forces, 
Siegel says, “we can maintain a more perma- 
nent research infrastructure to accelerate the 
pace of discovery.” 

Children who can speak, stay still, and 
cooperate during testing are overrepre- 
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sented in studies of autism, Siegel says. Low- 
functioning children—up to half of all autis- 
tic children, by some estimates—have far 
greater care needs, “but we know virtu- 
ally nothing about them,” says Helen Tager- 
Flusberg, a psychologist and developmental 
scientist at Boston University School of Med- 
icine. “If we really want to understand the 
disorder, we need to look at both ends of the 
spectrum,” Siegel says. 

No matter where they land on the spec- 
trum, children with autism share the same 
core features: trouble relating to and inter- 
acting with other people; restricted inter- 
ests in just a few objects or activities; and a 
tendency to engage in repetitive behaviors, 
such as hand-flapping or humming. What 
sets severely autistic children apart is their 
lack of verbal and intellectual abilities. These 
children speak only a few sentences, if at all. 
According to Siegel, the ability to communi- 
cate by age 5 is the number one predictor of 
later ability to function. “So verbal ability is a 
hugely important factor,” he says. “But we are 
almost nowhere in our understanding of the 
difference” between children who can speak 
and those who can’t. This is a key challenge 
for the consortium. 

Characterizing the psychiatric problems 
that can accompany severe autism is another 
objective. According to Robin Gabriels, direc- 
tor of the Neuropsychiatric Special Care unit 
at Children’s Hospital Colorado in Aurora (a 
consortium member), it’s often these “co- 
morbidities’—like Greg’s anxiety—that set 
off a child’s most troubling behaviors. 

Research shows that a third or more of 
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Making connections. Psychiatrist Matthew Siegel at 
work with children in protective headgear. 


high-functioning autistic children suffer 
from anxiety, obsessive-compulsive disor- 
der, attention deficits, or major depression, 
and Siegel thinks these problems may be even 
more prevalent in severe autism. Psychiatrists 
normally diagnose these conditions by hav- 
ing a patient respond to questions. Because 
severely autistic children can’t do that, “we 
have to rely on careful observation” and 
“translate the [standard] criteria through an 
autism lens,” Siegel says. He aims to develop 
methods that others can use. 

The high-volume, hospital-based nature 
of the project will give researchers an unprec- 
edented opportunity to observe behaviors 
such as self-injury, a common problem in 
this group. Some children hit themselves 
on the head and break blood vessels, or bite 
themselves and develop infections. Gabriels 
says that self-injury can stem from a need 
for attention and control or a need for sen- 
sory stimulation. Siegel adds that lack of 
verbal ability might also be a factor, but this 
needs study. 

Eventually, the consortium plans to exam- 
ine genetic differences in the autistic popula- 
tion. The largest genetic database in autism so 
far—the Simons Simplex Collection at Rut- 
gers University’s Cell and DNA Repository 
in Piscataway, New Jersey, and funded by the 
Simons Foundation—has samples collected 
from over 2700 families. But it deliberately 
excluded nonverbal children with a mental 
age below 18 months. “What we want now isa 
better understanding of this severely affected 
population, both from the genetic and clinical 
perspective,” says Simons Foundation Senior 
Scientist Alan Packer. 

Genetic insights should allow scientists to 
define subgroups of affected children. “We 
need to connect the dots between genetic 
aberrations and clinical presentations,” 
Siegel says. “Do kids with autism that don’t 
speak have a different set of genes than those 
who do?” Ultimately, he thinks this approach 
could lead to better-targeted treatments. 

Bryan King, director of the Autism Center 
at Seattle Children’s Hospital in Washington, 
says the new research agenda is long overdue. 
“This slice of the autistic population is both 
the most complicated and the most under- 
studied,” he says. 

Meanwhile, Greg is doing much better, 
his mother reports. “When we admitted him, 
he was going 150 miles per hour,” she says. 
“Now he’s doing great. He likes to go grocery 
shopping.” -CHARLES SCHMIDT 
Charles Schmidt is a writer in Portland, Maine. 
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ANCIENT DNA 


Farming s Tangled European Roots 


Revolutions are rarely simple. Take the 
spread of agriculture across Europe. About 
8500 years ago, the story went, the world’s 
first farmers swept into the continent from the 
Near East via what is today Greece and Bul- 
garia. These pioneers of the so-called Neo- 
lithic Revolution then took over every corner 
of Europe, displacing the hunter-gatherers 
already living there and eventually reaching 
the far corners of northwest Europe 2500 
years later. In this scenario, living Europeans 
trace much of their DNA back to that incom- 
ing tide of Near Eastern farmers. 

Two papers in Science this week use 
ancient DNA from prehistoric skeletons to 


Frequencies of genetic lineages 


6000 B.C.E. 


5000 B.C.E. 


decisively upend that simple scenario. One 
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starts, and reinvasions, leaving few mod- 
ern Europeans with the genetic signature of 
the first farmers. The other paper, published 
online (http://scim.ag/Bollongino), focuses 
on a single cave that served as a kind of pre- 
historic catacomb, and suggests that farmers 
and foragers lived side by side for centuries. 

Both papers “contradict the superficial 
model of European hunter-gatherers being 
submerged by hordes of farmers” from the 
Near East, and instead suggest a long and 
messy transition, says geneticist Martin 
Richards of the University of Huddersfield 
in the United Kingdom. The complex pat- 
tern of dispersals demonstrates that “ancient 
6 DNA is finally fulfilling all the promises we 
€ were making for it more than 20 years ago,” 
2 he adds. “It’s at last making a reality of pre- 
- historic population genetics” on people no 
longer around to provide cheek swabs. 

Back in the 1970s, researchers seeking 
genetic signatures of the first farmers in living 
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Europeans found clues linking modern Euro- 
peans to ancient farming cultures in the Near 
East. But the genes of living people can’t cap- 
ture the full story. And although more recent 
ancient DNA studies had suggested a com- 
plex transition, those studies focused on local 
areas (Science, 2 October 2009, p. 137). 
Now, a team led by paleogeneticists 
Guido Brandt of the Johannes Guten- 
berg University in Mainz, Germany, and 
Wolfgang Haak of the University of Adelaide 
in Australia present a pan-European view. 
They built an ancient DNA data set 10 times 
bigger than any previously studied. They 
retrieved mitochondrial DNA (mtDNA) from 
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== Hunter-gatherer 
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= Late Neolithic/Early Bronze Age 
~~~ Other 


3000 B.C.E. 2000 B.C.E. 


Bumpy road to agriculture. The spread of farming across Europe was marked by changes in the frequencies 
of genetic markers in ancient skeletons, such as this farmer from Germany (right). 


364 people from 25 sites in the Mittelelbe- 
Saale region of Germany, an ancient cross- 
roads that was home to at least nine archaeo- 
logical cultures between 7500 and 3500 years 
ago. Based on links between bones and arti- 
facts, the team tied specific genetic markers 
to many of the cultures, mostly farmers and 
some foragers. 

They also added 198 ancient mtDNA sam- 
ples taken from skeletons in Europe and Asia, 
plus 68,000 mtDNA sequences from modern 
Europeans and Asians. The data allowed the 
group to track the distribution and frequency 
of mtDNA genetic markers, called hap- 
logroups, through time and space, and to tease 
out four so-called population events—major 
migrations that reshaped the genetic land- 
scape of Europe. (Because mtDNA is inher- 
ited only from the mother, it reveals a history 
of women.) 

The oldest event was the farmers’ first 
foray into Europe, when the people of the 
Linear Pottery culture (LBK), who grew 
cereals, raised cattle, and crafted distinctive 
ceramics, surged rapidly into central Europe 
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from the Near East about 7500 years ago. In 
the second event, beginning about 6000 years 
ago, central European farmers spread to 
Scandinavia, where they mixed with hunter- 
gatherers to give rise to the Funnel Beaker 
culture. These people were talented animal 
herders, but also continued to hunt and fish. 
And in a plot twist typical of the farming 
story, farmers carrying this mixture of farmer 
and hunter-gatherer genes then migrated 
from Scandinavia back into central Europe 
about a thousand years later, further compli- 
cating the genetic picture. 

The third event, about 4800 years ago, 
brought another wave of farmers from 
the East into Central Europe. And in the 
fourth, starting about 4500 years ago, metal- 
wielding farmers of the Iberian Peninsula’s 
Bell Beaker culture flowed into the heart of 


the continent. These last events greatly influ- 
enced modern genetic diversity, the team con- 
cludes. Just 30% of modern Europeans carry 
the genetic signature of the earliest farmers; 
signatures from later population movements 
now dominate (see graph). 

Princeton University archaeologist Peter 
Bogucki questions whether mtDNA can yield 
such a clear picture of group movements, 
however. He argues that people may not have 
moved around in cohesive groups and that 
small bands of wanderers may have had the 
cumulative effect of “smearing” genetic sig- 
natures over large areas. 

Either way, the Neolithic transition 
appears to have been a prolonged, nonlinear 
process. It “was accompanied by many tri- 
als and errors,” as farmers sometimes learned 
from indigenous hunter-gatherers how to live 
in the varying landscapes of the European 
frontier, Haak says. 
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Recent studies have suggested that 
farmers and hunter-gatherers interacted 
(Science, 30 August, p. 950). The second of 
the new papers uses fresh data from a cave 
near the city of Hagen in western Germany 
to show that in some cases, the two groups 
were long-term neighbors. Excavations at 
the cave since 2006 have revealed hundreds 
of human bones from two levels. The old- 
est, dated between 11,200 and 10,300 years 
ago, harbored remains of hunter-gatherers 
from the so-called Mesolithic period. A later 
level, dated from 5900 to 4900 years old, long 
after farming was established in the area, was 
assumed to correspond to Neolithic farmers. 

Paleogeneticist Ruth Bollongino of the 
Johannes Gutenberg University and her col- 
leagues partially or completely sequenced 
mtDNA genomes from five Mesolithic skel- 
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etons and 20 Neolithic ones. As expected, 
all the Mesolithic people belonged to an 
mtDNA group called haplogroup U, typical 
of European hunter-gatherers. Eight of the 
Neolithic skeletons showed markers typical 
of farmers—but 12 were also haplogroup U. 

Just who were those “Neolithic” people 
with apparent Mesolithic ancestry? To find 
out, Bollongino and her colleagues analyzed 
the nitrogen and carbon isotopic composition 
of the skeletons to get an idea of what they had 
eaten. They got another surprise: While the 
Neolithic farmers had apparently munched 
on herbivorous domesticated animals, those 
with U haplogroups did not. Instead, they ate 
great quantities of fish. Thus, the team con- 
cludes that they were hunter-gatherers, not 
farmers. “It is very surprising that two cul- 
turally different groups used the same burial 


site” for 800 years, Bollongino says. “It is dif- 
ficult to imagine that the two groups did not 
know of each other.” 

Indeed, Bollongino points out, the fisher- 
folk held onto their distinct lifestyle for 2000 
years after the LBK farmers first came to 
the area. “This study provides the best direct 
evidence yet for groups with not only dif- 
ferent modes of subsistence but also differ- 
ent ancestry coexisting for long periods after 
the introduction of agriculture,” says geneti- 
cist Pontus Skoglund of Uppsala University 
in Sweden (Science, 27 April 2012, p. 400). 

Researchers are now busy on the next 
wave of studies: using ancient nuclear DNA 
to get an even crisper picture of what both 
men and women were doing during a revo- 
lution that apparently came in fits and starts. 

—MICHAEL BALTER 


Windfall for Tiny University With Outsized Ambitions 


TOKYO—Japan is doubling its bet on a 
young graduate university, based on a 
remote island, that has aspirations of becom- 
ing a research powerhouse. If approved by 
the Diet, the annual budget of the Okinawa 
Institute of Science and Technology (OIST) 
will jump from $110 million this year to 
$204 million in 2014. OIST’s governors 
met last week with Japanese Prime Minister 
Shinzo Abe to outline expansion plans. “We 
said we admire and congratulate the govern- 
ment for being willing to try to 
realize the vision for this univer- 
sity,’ says neuroscientist Torsten 
Wiesel, a 1981 Nobel laureate 
who chairs OIST’s board. 

OIST opened for research in 
2005 and began tak- 
ing students last year. 
Now it intends to dou- 
ble its faculty roll to 
100 within 7 years, 
and ultimately up it to 
300—roughly the size 
of the California Insti- 
tute of Technology 
(Caltech). Enrollment 
is slated to climb from 
100 now to 1000. The unabashed hope is “to 
make OIST the best research university in 
the world,” says Koji Omi, a politician who 
conceived the institute a decade ago. “We 
have momentum now and we should capi- 
talize on that by rapidly beginning to grow,” 
says OIST President Jonathan Dorfan. 


To chart a course for building a formida- 
ble institution from scratch, Omi assembled 
a Nobel-studded team of advisers. They rec- 
ommended that OIST enroll only graduate 
students, recruit half its faculty from abroad, 
and emphasize interdisciplinary research 
and education. Government planners gave 
OIST greater autonomy than other univer- 
sities by placing it directly under the prime 
minister’s office rather than the education 
ministry. That privileged treatment riled 


some academics and politicians, who also 
criticized the decision to put the institute in 
Okinawa Prefecture, better known as a vaca- 
tion destination than as a research hotbed. 
OIST appears to have few detractors now. 
“We’ve been able to establish the key ele- 
ments [that] success can be built on,” says 


Powerful patron. A doubled budget will allow OIST 
President Jonathan Dorfan, pictured with Prime Min- 
ister Shinzo Abe, to plan a major expansion. 


Dorfan, a physicist and former director of 
what is now the SLAC National Accelerator 
Laboratory in Menlo Park, California. One 
element, he says, is top-flight faculty mem- 
bers like Keshav Dani, a 34-year-old physi- 
cist who studied at Caltech and the Univer- 
sity of California, Berkeley. Dani accepted 
a position at OIST over several tenure-track 
offers from top U.S. and European univer- 
sities. When he first visited the campus, he 
says, “they laid out a fantastic vision and I 
was blown away.” His startup 
package included an expen- 
sive laser setup for femtosecond 
spectroscopy. 

OIST also has a mandate to 
spur economic development 
in Okinawa. Toward that end, 
Dorfan says, the university 
in April will establish its first 
startup company, which will 
commercialize a technique that 
determines the molecular struc- 
ture of proteins developed by 
OIST biologist Ulf Skoglund. 
The technique is expected to be 
used for drug discovery. 

Dorfan says he understands 
why administrators at other universities 
might envy OIST’s support. But by raising 
standards of research and setting a prece- 
dent for recruiting foreign talent, he argues, 
OIST is bound to benefit other schools in 
Japan as well. 

—DENNIS NORMILE 
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Impact Theory Gets Whacked 


Planetary scientists thought they had explained what made the moon, but ever-better computer models 
and rock analyses suggest reality was messier than anyone expected 


LONDON—Among many other contribu- 
tions to science, the Apollo space program 
gave geophysicists a grand unified theory 
of the origin of the moon. The story goes 
like this: A few tens of millions of years 
after the birth of the solar system, a now- 
vanished planet roughly the size of Mars 
struck Earth a glancing blow that shattered 
them both and sprayed nearby space with 
debris. Earth reformed itself; the debris set- 
tled into a disk around Earth, which accreted 
into the moon. The giant impact scenario, 
based in large part on careful study of the 
382 kilograms of moon rocks astronauts 
brought back between 1969 and 1972, was 
a triumph of planetary science. 

But the truth may not be that simple. 

Over the past decade, increasingly 
sophisticated computer simulations have 
shown that the tidy scenario clashes with 
what geochemists have discovered about 
moon rocks and meteorites from elsewhere 


in the solar system. As a result, researchers 
are casting around for new explanations. At 
a meeting* at the Royal Society in London 
last month—the first devoted to moon for- 
mation in 15 years—experts reviewed the 
evidence. They ended the meeting in an 
even deeper impasse than before, as several 
proposed solutions to the moon puzzle were 
found wanting. 

So near and—compared with other solar 
system bodies—so well-known, the moon is 
not yielding its secrets easily. “It’s got peo- 
ple thinking about the direction we need to 
go to find a story that makes sense,” says co- 
organizer David Stevenson of the California 
Institute of Technology in Pasadena. He and 
others already see one place that might hold a 
clue: Earth’s superheated twin, Venus. 

Before Apollo, planetary scientists had 


*The Origin of the Moon, Royal Society, London, 
23-24 September. 


put forward various theories of the moon’s 
formation—for example, that it took shape 
alongside Earth from the same accretion 
disk of dust and rubble; that it was a wan- 
derer captured by Earth’s gravity; or that the 
proto-Earth was spinning so rapidly that it 
flung into space a blob of material, which 
condensed into the moon. But each sce- 
nario turned out to have some inescapable 
flaw. Some could not explain the moon’s 
age, as determined from the Apollo rocks: 
just slightly younger than Earth’s. Others 
could not account for the angular momen- 
tum bound up in its orbital dance with Earth. 

An alternative was waiting: the giant 
impact hypothesis, first proposed by William 
Hartmann and Donald Davis in 1975. The 
scenario appeared outlandish at first, but the 


Hit or miss? A planetesimal plowing into the young 
Earth neatly explains the dynamics of today’s Earth- 
moon system, but not its geochemistry. 
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closer researchers looked, the more plausible 
it seemed. The early solar system swarmed 
with planetesimals that could have struck 
Earth. A moderate-speed collision with an 
impactor about a tenth as massive as Earth 
would have spewed enough material into 
space to make the moon while leaving the 
angular momentum of the new system close 
to what astrophysicists measure today. 

The clincher was the fact that the giant 
impact scenario also explained three key find- 
ings from Apollo: the moon’s age, 
the evidence that it was very hot 
inits youth, and its chemical simi- 
larity to Earth. “It works. You can 
make a moon,” Stevenson told 
last month’s meeting. Scientists 
embraced the model at a semi- 
nal meeting in Kona, Hawaii, in 
1984, and, said Jay Melosh of Pur- 
due University in West Lafayette, 
Indiana, “it worked brilliantly for 
a decade or two.” 

Then things started to get com- 
plicated. About the same time as 
the Apollo moon rocks arrived, 
researchers began studying the 
ratios of different chemical iso- 
topes in meteorites. The relative 
abundances of oxygen-16, -17, 
and -18, in particular, varied so 
much between meteorites traced 
to different parts of the solar sys- 
tem that scientists started using 
the ratios as a marker for the rocks’ 
origin. The moon rocks, however, 
showed ratios markedly similar to 
those of rocks from Earth. “The 
moon and Earth are indistinguish- 
able on the oxygen isotope plot,” 
Melosh said. The isotopes of other 
elements told the same story. 

That didn’t trouble geophys- 
icists unduly at first, because 
they assumed that during the giant impact 
material from Earth and impactor would be 
thoroughly mixed. Doubts began to arise in 
1986, after a team at Los Alamos National 
Laboratory in New Mexico published the 
first computer simulation of the hypo- 
thesized collision. The model was crude—it 
simulated the Earth-moon system with just 
3000 particles—but the results were decisive. 
They clearly showed that after an impact big 
enough to produce a moon without leaving 
the Earth-moon system with excessive spin, 
the moon would consist almost exclusively of 
material from the impactor. 

More recent simulations tell the same 
story. A 120,000-particle model run in 2004 
by Robin Canup of the Southwest Research 


- 
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Impactor 


Institute in Boulder, Colorado, suggested that 
the standard giant impact would leave the 
moon with more than 80% impactor material. 
This uneven mixing could explain the isotope 
results only if proto-Earth and the impactor 
were made of very similar material to start 
with—a sign, researchers concluded, that 
they must have formed close together under 
similar conditions. 

That idea received a blow in 2007 from a 
paper by Stevenson and his then-colleague 


Before 


Proto-Earth 


Standard impact 


Half-Earth impact 


All mixed up. The standard giant impact (top) has trouble explaining chemical 
similarities between Earth and the moon. Two models published last year do a 
better job but leave the system with too much angular momentum. 


Kaveh Pahlevan, which modeled how both 
the impactor and Earth took shape from the 
disk of debris surrounding the young sun. 
They argued that a planetesimal like the 
impactor, with mass a fraction of Earth’s, 
would form out of material from a relatively 
narrow band around its orbit. A planet the 
size of Earth, however, would scavenge mate- 
rial from a much wider swathe of the disk, 
extending past the orbits of Mars and Mer- 
cury, where the planet-forming material had 
very different isotope ratios. So even if the 
proto-Earth and the impactor formed in simi- 
lar orbits, their compositions would be differ- 
ent enough to produce distinct isotope ratios 
in the postcollision Earth and moon. 
Stevenson and Pahlevan’s unexpected 


result threw origin-of-the-moon research 
into disarray, forcing planetary scientists 
to confront two unpleasant possibilities: 
either the collision between impactor and 
proto-Earth was more complicated than they 
have assumed, or their understanding of the 
makeup of the solar system needs a major 
overhaul. “The giant impact has major prob- 
lems. It doesn’t produce the moon as seen,” 
Stevenson told the meeting. 

Theorists soon began tinkering with col- 
lision scenarios to come up with 
one that leaves the ingredients of 
the proto-Earth and its impac- 
tor thoroughly mixed. Stevenson 
and Pahlevan suggested one such 
scenario in their 2007 paper. 
They point out that the heat 
generated by the giant impact 
would produce an Earth and a 
debris disk made of molten and 
vaporized magma. They calcu- 
late that this superheated, churn- 
ing inferno would take between 
100 and 1000 years to cool. Dur- 
ing that time, they argue, enough 
turbulent mixing and diffusion 
could take place between disk 
and Earth for them to reach an 
equilibrium, resulting in a homo- 
geneous Earth and moon. 

At the meeting, however, some 
cast doubt on such a scenario. 
Melosh argued that to reach a 
uniform composition, Earth and 
the disk would have to exchange 
so much material that the disk 
would collapse. Stevenson admits 
that this mixing process “can 
help, but it’s not an explanation in 
itself’? Canup says it is important 
to study the scenario more thor- 
oughly, “but it’s a very challeng- 
ing process to model.” 

More radically, some want to rethink 
the whole giant impact scenario. Last year, 
Matija Cuk and Sarah Stewart of Harvard 
University proposed that the impactor was 
far smaller than thought—only about 1/200 
as massive as Earth—that it was mov- 
ing much faster, and that the proto-Earth 
was already spinning rapidly (Science, 
23 November 2012, p. 1047). The model can 
produce a moon of the correct size made up 
almost exclusively of material blasted from 
Earth’s mantle. Unfortunately, the Earth- 
moon system winds up with twice as much 
angular momentum as it has today, but Cuk 
and Stewart also proposed a mechanism for 
shedding the excess. 

Soon after the moon forms and as the 
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Earth-moon system is evolv- 
ing toward its current state, the 
moon’s perigee—the point at 
which its orbit brings it closest 
to Earth—moves around Earth 
in a cyclic motion called pre- 
cession. The cycles get longer 
and longer until the rate of pre- 
cession slows to once per year. 
Then the precession becomes 
locked in a fixed position rel- 
ative to the sun—a rhythm 
known as evection resonance. 
As a side effect, the resonance 
transfers angular momentum 
from the moon to the sun, 
in effect spinning up the sun 
while slowing down the moon. 
Evection has long been known, 
but most researchers thought 
the moon would not stay in the 
resonance for long. Cuk and 
Stewart say that in their partic- 
ular scenario, it could last long 
enough for the moon to shed 
half its angular momentum. 

In another paper pub- 
lished simultaneously with 
Cuk and Stewart’s (Science, 
23 November 2012, p. 1052), Canup modi- 
fied the impact scenario in the opposite way. 
She showed that a high-speed head-on colli- 
sion between two bodies with similar masses 
also could have yielded a homogeneous Earth 
and moon—again at the cost of leaving the 
system with too much angular momentum. 
“Now we can produce a disk with the correct 
composition, but it still requires [evection] 
resonance to slow it down,” Canup says. 

Evection may prove the Achilles’ heel 
of both scenarios. At the meeting, Jack 
Wisdom of the Massachusetts Institute of 
Technology in Cambridge described unpub- 
lished results suggesting that Cuk 
and Stewart had overestimated its 
effects. When the moon is in the 
evection resonance, he said, its 
orbit becomes more elongated, 
and the change produces extreme 
tidal forces that heat up the moon. 
This heating, Wisdom says, would 
change the moon’s physical characteristics 
enough to end the resonance before it had 
time to drain enough angular momentum 
from the system. 

Details aside, many researchers at the 
meeting bemoaned the fact that things are 
getting so complicated. In the old impact 
model, a single simple event was all it took 
to create the moon. Now the models require 
an impact followed by some other process— 


pod_6155). 


www.sciencemag.org SCIENCE VOL342 11 OCTOBER 2013 


Online 


sciencemag.org 
Podcast interview 
® with author Daniel 
Clery (http://scim.ag/ 


turbulent mixing or evection—to make it 
work. “We don’t have a single scenario which 
stands out because of its simplicity,’ Canup 
said. Melosh agreed. “The solutions are con- 
trived; they’re not natural,” he said. ““We want 
a solution where isotopic similarity is a natu- 
ral consequence of the model.” 

There is a way out of the dilemma, but it 
will not be easy to test. The isotopic simi- 
larity between Earth and moon would arise 
naturally in any of the collisions if research- 
ers are wrong in their assumption that iso- 
tope ratios vary markedly across the solar 
system. This assumption stems from mete- 
orites collected on Earth that 
have been identified as coming 
from a few other bodies: a couple 
of asteroids, a comet, and Mars. 
For example, researchers have 
some 120 fragments that were 
blasted off the martian surface by 
asteroid or comet impacts. Those 
rocks show very different oxygen isotope 
ratios from Earth or moon rocks. 

But Mars itself is something of an enigma. 
According to planetary formation mod- 
els, such a small planet—just 10% as mas- 
sive as Earth—should not have formed 
where Mars now sits. So what if Mars actu- 
ally formed somewhere entirely different and 
later moved? That would destroy the idea 
that isotope ratios in the inner solar system 
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Planetary puzzle. The key to Earth’s kinship with the moon might lie in rocks from a more-distant world, Venus. 


change progressively with distance from the 
sun. With that constraint removed, it would 
be much easier for scientists to explain how 
proto-Earth and its impactor could have 
wound up with similar compositions. 

That explains why at the London meet- 
ing, when the session chairs jokily asked 
each speaker what single measurement they 
would most like to perform, many said they 
would like to examine a piece of rock from 
the planet Venus. Venus is Earth’s rogue twin, 
and together the two planets contain 80% of 
the mass between the asteroid belt and the 
sun. If it turns out that Venus has very similar 
isotope ratios to Earth, then it is much more 
likely that an impactor might have had them 
as well. “Venus is the key,’ Stevenson said. 

But how to get hold ofa piece of rock from 
Venus? Venus’s surface is often described 
as “hellish,” with atmospheric pressures 
92 times those at Earth’s surface and tempera- 
tures approaching 500°C. Only a handful of 
probes have survived to reach the surface, and 
there are no firm plans to return there in the 
near future. That leaves rocks that fall from 
the sky: meteorites. Venus’s strong gravity 
makes it much less likely than Mars to have 
chunks of its rock lofted into space and onto 
a trajectory toward Earth, but it’s not impos- 
sible. “We could have a piece in our collec- 
tions,” Canup says. “But how do we know?” 

—-DANIEL CLERY 
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The explosion of publicly available databases housing sequences, 


structures, and images allows life scientists to make fundamental 


discoveries without ever getting their hands “wet” at the lab bench 


Most life scientists single-mindedly focus 
their careers on a particular organism or 
disease—even just a specific molecular 
pathway. After all, it can often take months 
of training to master growing a particular 
cell type or learn anew laboratory technique. 
Atul Butte, however, wanders from topic 
to topic—and reaps scientific successes 
along the way. Though only 44 years old, 
he has earned tenure at Stanford Uni- 
versity’s School of Medicine in Palo Alto, 
California, based on advances in diabetes, 
obesity, transplant rejection, and the dis- 
covery of new drugs for lung cancer and 
other diseases. 


Butte’s lab is different, too. It isn’t crowded 
with cell cultures and reagents. His tools look 
like those of an engineer or software devel- 
oper: Most often, he’s simply working on a 
Sony laptop, although at times he does turn to 
alarge computer cluster at Stanford and super- 
computers elsewhere when in need of massive 
processing power. Instead of growing cells 
and sequencing DNA, Butte, his students, 
and postdocs sift through massive databases 
full of freely available information, such as 
human genome sequences, cancer genome 
readouts, brain imaging scans, and bio- 
markers for specific diseases such as diabetes 
and Alzheimer’s. 


Many call this type of research “dry lab 
biology,” to contrast it with the more hands-on 
“wet” traditional style of research. Although 
statistics on the number of dry lab biologists 
are hard to come by, these data hunters believe 
they are a growing minority. Butte is one of 
its top practitioners. Using publicly available 
data, for example, 2 years ago Butte and his 
colleagues surveyed the activity of large sets 
of genes in people affected by 100 different 
diseases and in cultured human cells exposed 
to 164 drugs already on the market. By com- 
paring patterns of genes flipped on or off by 
the diseases and by the drugs, the team drew 
unexpected connections. They found clues 


11 OCTOBER 2013, VOL342 SCIENCE www.sciencemag.org 


Published by AAAS 


CREDIT: ANDREW J LENARDS 


9g 


www.sciencemagm™ 


Downloaded 


CREDIT: ORBERT VON DER GROEBEN/STANFORD SCHOOL OF MEDICINE 


New miners. New database construction and anal- 
ysis tools from the iPlant Collaborative (/eft) allow 
digging through plant and microbial genomes, 
helping plant biologists around the world improve 
their understanding of basic biology and advance 
crop breeding. 


that a drug now prescribed for ulcers might 
also be a useful lung cancer treatment, for 
example, and that an antiepileptic compound 
would fight two forms of inflammatory bowel 
disease (see chart, p. 188). Subsequent lab 
studies of animals offered support for both 
inferences. And last month, Butte’s group 
reported in Cancer Discovery that a similar 
approach suggested that the antidepressant 
drug imipramine would be effec- 
tive against small-cell lung cancers 
resistant to standard chemotherapy 
—a finding that has already 
prompted the launch of a clinical 
trial. “This is an exciting time to be 
doing biological research on a dry 
bench,” Butte says. 

And not just for Butte. The 
growth of publicly accessible 
data troves on genome sequences, 
gene activity, and protein struc- 
tures and interactions has opened 
new territory for biologists. Seiz- 
ing on advances in computational 
power, data storage, and soft- 
ware algorithms able to separate 
the wheat from the chaff, dry lab 
researchers are making fundamen- 
tal discoveries without ever filling 
a pipette, staining a cell, or dissect- 
ing an animal. Thanks to a National 
Science Foundation—funded initia- 
tive called the iPlant Collaborative, 
for example, there’s an emerging genera- 
tion of data-analyzing “plant biologists” 
who have never gotten their hands dirty 
digging in soil or watering seeds. And the 
National Institutes of Health (NIH) recently 
announced plans to sink $96 million into 
boosting analysis of big data. “There is a 
transformation happening in biology,” says 
Daniel Geschwind, a neurogeneticist at the 
University of California, Los Angeles. 

“You basically don’t need a wet lab to 
explore biology,” agrees David Heckerman, 
a computational scientist at Microsoft 
Research in Los Angeles. None of these dry 
lab biologists believe that advances in data 
sciences will replace the traditional approach. 
Rather, they argue that the two dovetail 
with one another like never before, each pro- 
pelling the other forward. “I’m like a kid in a 
candy store,” Butte says. “There is so much 
we can do.” 
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Data for all 
Big data is certainly nothing new to science. 
(Science had a special package on the topic 
in the 11 February 2011 issue.) The Large 
Hadron Collider at CERN generates 15 peta- 
bytes (10'S) of data every year it’s in opera- 
tion. Astronomy’s Sloan Digital Sky Survey 
contributes terabytes (10!”) yearly as well. Big 
data isn’t even all that new to biology. As of the 
end of August, for example, NIH’s 31-year-old 
gene sequence database, GenBank, held some 
167 million gene sequences containing more 
than 154 billion nucleotide bases. 

Nor is the marriage of computational sci- 
ence and biology novel on its own. Research- 
ers have amassed large-scale basic biology 


“I'm like a kid in a candy store. 


There is so much we can do.” 
—Atul Butte, Stanford University School of Medicine 


data sets for years—unimaginatively dubbed 
genomics, proteomics, metabolomics, and 
so on—and combed them in search of novel 
insights into complex biological pathways 
and disease. 

But many of these early efforts were run by 
large consortia of researchers, who often had 
rights to first mine the data before releasing 
them to the public. So much of that informa- 
tion is now public, however, that it’s opened 
the door for researchers who never partici- 
pated in those consortia. “Now it’s possible to 
ask big-data questions with data that is extant 
in the public domain,” says Ed Buckler, a 
research geneticist who specializes in maize 
genetics at the U.S. Department of Agricul- 
ture’s Agricultural Research Service in Ithaca, 
New York, and Cornell University. 

Asking those questions requires spe- 
cialized algorithms and software, capable 
of handling massive data sets, and those 
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are improving even as the data proliferate. 
Heckerman and his Microsoft Research col- 
leagues, for example, made a splash recently 
with a software advance that eases large- 
scale searches within genetic databases, such 
as those used to compare entire genomes in 
what are known as genome-wide association 
studies (GWAS). These efforts examine DNA 
of large numbers of ill people and healthy 
controls, looking for genetic fingerprints 
linked to disease. Those fingerprints can be 
subtle, because most diseases are unlike the 
simple traits of classical genetics—the col- 
ors of Mendel’s peas, for example—in which 
each trait maps to a single gene. “When 
people first started doing GWAS they 
thought this would be really easy,” 
Heckerman says. “The problem is 
that Mendel’s peas are the excep- 
tion not the rule.” 

Instead, the genetics behind 
most traits and diseases, such as 
diabetes and prostate cancer, is 
far more complex, with small 
contributions from many genetic 
changes having an additive effect. 
“To uncover these weak signals 
you need tons of data. You need 
tens of thousands or hundreds of 
thousands of people,’ Heckerman 
says. “But there is a catch. When 
you analyze lots of data, there is 
hidden structure,’ in which sepa- 
rate individuals share a multitude 
of genetic similarities. But in many 
cases, these similarities are due to 
two individuals being more closely 
related than others, instead of shar- 
ing common disease genes. “That 
wreaks havoc with data. You get 
tons of what looks like signals. But when you 
look closer it evaporates.” 

One way around this has been to use a 
data analysis approach called a linear mixed 
model. The approach’s mathematical rigor 
helps reduce false positives, but the comput- 
ing power needed for it grows as a cube of the 
number of subjects being analyzed. That’s no 
problem when analyzing a few dozen people 
or so, but if you want to comb through tens of 
thousands of genome samples, “forget about 
it,’ Heckerman says. 

After grappling with the problem for some 
time, Heckerman and his colleagues came up 
with what he calls simple “algebraic tricks” to 
convert the problem to one that scales linearly 
with the number of subjects, making it trac- 
table to crunch large data sets. The result, an 
algorithm dubbed FaST-LMM, reduces con- 
founding results, increases the size of the 
samples that can be processed, and thereby 
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increases the chance of seeing small 
signals hidden within large data 
sets. Last year, Heckerman’s team 
used this FaST-LMM algorithm 
on Microsoft’s cloud-based super- 
computer known as Azure to com- 
pare the genomes of thousands of 
individuals in a database run by 
the Wellcome Trust, a biomedical 
research charity in the United King- 
dom. They analyzed 63,524,915,020 
pairs of genetic markers in total, find- 
ing a host of new associations that 
may serve as markers for bipolar dis- 
order, coronary artery disease, hyper- 
tension, inflammatory bowel disease, 
rheumatoid arthritis, and type | and 
type 2 diabetes, as they announced 
in Scientific Reports on 22 January. 
These associations themselves have 
been made freely available on the 
Windows Azure Marketplace so that 
independent researchers can explore 
them further. 

Butte cautions that such would- 
be links often fade away upon closer 
inspection, but he is delighted that 
software engineers are tackling hur- 
dles in biology. “This is what we have 
been hoping for,’ Butte says. 

Dry lab biology’s impact on bio- 
medicine extends 
well beyond 
GWAS studies. 
Researchers led 
by Asa Abelioy- 
ich at Columbia 
University, for 
example, report- 
ed in Nature on 
1 August that 
they used a big- 
data approach to 
discover new molecular actors 
that influence whether patients 
with a common variant of a gene 
known as APOE4 come down with 
Alzheimer’s. In this case, they used 
publicly available gene expression 
data sets from brain tissue of humans 
with and without a late-onset version 
of Alzheimer’s. They found that two 
genes, called SV2A and RNF219, 


Drug hit. By analyzing public data on gene 
expression patterns produced by drugs and 
diseases, Atul Butte’s team identified drugs 
that might exacerbate diseases (purple) and 
those that might be therapeutic (yellow). 
Follow-up studies confirmed that the anti- 
epilepsy drug topiramate, for example, may 
treat Crohn's disease or ulcerative colitis. 
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have abnormally low activity in peo- 
ple who develop the disease. 

Combined with other clues to the 
genes’ functions, the finding suggests 
that they act as previously undiscov- 
ered players in the molecular network 
that regulates intracellular accumu- 
lation of amyloid precursor protein. 
Amyloid collects in dense plaques in 
patients’ brains and may play a causal 
role in the disease. Abeliovich’s team 
confirmed the result in lab studies of 
mice, and then moved on to people— 
still in a dry lab. The team analyzed 
publicly available neuroimaging data 
of Alzheimer’s patients and showed 
that variations in RNF 2/9 are corre- 
lated with the amount of amyloid that 
accumulates in their brains. 

The work not only raises hopes of 
new drug targets for fighting demen- 
tia, but it may also help doctors strat- 
ify patients into groups that may one 
day benefit from different Alzheimer’s 
treatment programs, as they do today 
for patients with several types of can- 
cer. The experiment, Geschwind notes, 
was impressive because of the combi- 
nation of database mining, lab vali- 
dation, and imaging analysis of now 
standardized brain scans. “Five years 
ago they would never have been able 
to do this,” he says. 


Beyond biomedicine 

The rapid rise in the number of plants 
that have had their whole genomes 
sequenced and made public has 
enabled plant biologists to produce 
their own dry lab discoveries. Buckler 
and his colleagues, for example, have 
been exploring disease resistance 
across the many species of maize, or 
corn. In one recent paper, they com- 
pared the genomes of 103 different 
maize species, analyzing 1000 differ- 
ent regions of DNA both within genes 
and nongene regions of the chromo- 
somes. They linked certain traits, 
such as variation in disease resis- 
tance and in when the plant flowers, 
to specific patterns of the noncoding 
DNA. Now, Buckler says, his group 
and others are helping plant breeding 
programs improve disease resistance 
and other traits by singling out which 
offspring have nongene coding DNA 
signatures that promote desired traits. 
“Big data is already having a day-to- 
day effect on how people are breeding 
crops,” Buckler says. 
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It’s also helping answer more esoteric 
questions about plants. David Sankoff, a 
mathematician at the University of Ottawa, 
has tapped the whole genome sequences 
of some 30 flowering plant species to try to 
reconstruct the general genome architecture 
—not the specific DNA sequence—of the 
common ancestor of 
all flowering plants that 
lived some 120 million 
years ago. They recently 
reported a big step in that 
direction. By analyzing 
and comparing the pres- 
ence of duplicate and 
triplicate copies of genes 
found within modern 
eudicots, one key branch 
of flowering plants, 
Sankoff’s team concluded 
that the common ancestor 
had seven chromosomes 
and between 20,000 and 
30,000 genes, making it 
a significantly smaller 
genome than many mod- 
ern plants. Although such 
discoveries aren’t likely 
to impact plant breed- 
ing or other commercial 
interests, “it’s a really fun 
aspect of genetics work,” says Eric Lyons, a 
plant geneticist at the University of Arizona 
in Tucson, who developed a comparative 
genomics database and software infrastruc- 
ture used by Sankoff and his colleagues. 


Playing well together 

Dry lab biology still faces plenty of growing 
pains. Among the most challenging is gaining 
access to other people’s data. In many cases, 
researchers who have spent their careers gen- 
erating powerful data sets are reluctant to 
share. They may be hoping to mine it them- 
selves before others make discoveries based 
on their work. Or the data may be raw and in 
need of further analyses or annotation. “These 
are really hard problems,” Butte says. “We 
need better systems to reward people that 
share their data.” 

A lack of common standards also handi- 
caps the field. Not only do research groups file 
their data using different software tools and 
file formats, but also in many cases the design 
of the experiments—and therefore precisely 
what is being measured—can differ. Butte and 
others argue that dealing with multiple file 
formats is somewhat cumbersome but that the 
problem is surmountable. But it can be harder 
to account for differences in experimental 
design when comparing large data sets. 
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Years of work to standardize experiments, 
analysis, and interpretation of experiments 
involving tools such as DNA and RNA micro- 
arrays and proteomic mass spectrometry are 
beginning to pay off, Butte says. Heckerman 
agrees. Biological data, he says, are becoming 
“very standardized.” 


“You basically don’t need a wet lab to 
explore biology.” 


—David Heckerman, Microsoft Research 


As the volume of publicly available data 
grows, so do concerns about genetic privacy. 
Geneticists have shown that even anonymous 
data can be “reidentified”—and any leaks 
can reveal not only the medical conditions of 
patients themselves, but also genetic predis- 
positions to disease that other family mem- 
bers may share. In this case, however, at least 
one potential solution is already in place. In 
order to get access to the National Center 
for Biotechnology Information’s database of 
genotypes and phenotypes (dbGaP), which 
archives studies such as GWAS associations 
and molecular diagnostic assays that attempt 
to link genes to traits, researchers must reg- 
ister and ask for approval. Furthermore, all 
such requests are made public, so that it’s 
transparent who is attempting to gain access 
to the data and for what purpose. 

To address these challenges—as well as 
take advantage of the scientific opportuni- 
ties at the crossroads between big data and 
biomedical research—NIH announced this 
summer that it was launching a new project 
called Big Data to Knowledge (BD2K). With 
an initial funding of $96 million over 4 years, 
BD2K has dual aims. It will establish a series 
of centers to push the development of novel 
algorithms and other methodology to make 
discoveries, and it will also create a series 
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of working groups across NIH’s institutes to 
deal with the trouble spots of data standards, 
access, and privacy. Other efforts to grapple 
with these tough issues exist as well, including 
a global alliance of more than 70 institutions 
in 40 countries that was launched in June 2013 
to make more digital data freely available. 

Dry lab biology could 
receive a further boost 
from an upcoming U.S. 
requirement that databases 
be open to the community. 
On 22 February, a memo 
from John Holdren, the 
director of the U.S. Office 
of Science and Technology 
Policy (OSTP), asked the 
heads of executive depart- 
ments and agencies within 
the federal government to 
come up with new strate- 
gies to encourage access 
to federally funded sci- 
ence and data. The memo 
drew attention at the time 
for its call for increasing 
open access to scientific 
publications. But what 
went largely unnoticed is 
that the memo also called 
for digital data from fed- 
erally funded unclassified research projects 
to be stored in publicly available databases. 
OSTP officials say they have the agency rec- 
ommendations now and are in the process of 
reviewing them. 

While a potential boon for biology’s data 
miners, access to unprecedented data sources 
will likely exacerbate problems with data 
standardization and issues of patient pri- 
vacy, Butte says. It could also create new 
headaches for those required to submit their 
data. They will either have to take time them- 
selves, or hire assistants, to manage the data 
sets and prepare them for deposition in a pub- 
lic source. And that could take dollars and 
expertise away from actual research. Particu- 
larly in small labs, this may be a significant 
impact, says Peter Lyster, a program director 
in the Division of Biomedical Technology, 
Bioinformatics, and Computational Biology 
at the National Institute of General Medical 
Sciences in Bethesda, Maryland. “At some 
point, it’s a zero-sum game.” 

That’s only for the wet labs that generate 
the data, he adds. For the new breed of dry 
lab biologists, the combination of new tools, 
new policies, and burgeoning databases holds 
nothing but opportunities. Says Heckerman: 
“T think we’re full steam ahead at this point.” 

—-ROBERT F. SERVICE 
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Retraction 


AS A RESULT OF ADDITIONAL EXPERIMENTS IN P.C.R.’S AND S.W.-L.’S LABORATORIES, WE WISH TO 
retract our 2009 Report, “A type I-secreted, sulfated peptide triggers XA2 1-mediated innate 
immunity” (/). Specifically, we have not been able to consistently reproduce the results 
shown in Figure 3. We have also discovered critical errors in Figures 2 and S3. The strain 
PXO99Aax21, used in Figure 2, was mixed up with another strain (PXO99AraxSt). When 
we repeated the experiment with the validated PXO99Aax2/ insertion mutant, this strain is 
still avirulent on Xa21 lines. These results indicate that this insertion in Ax21 does not abol- 
ish the ability of PX099 to trigger XA21-mediated immunity. Regarding figure S3, by using 
more sensitive methods, we have discovered that Ax21 is also secreted in the mutant strains 
PXO99AraxA and PXO99AraxC. Although we recognize that some parts of this paper may 
remain valid, we note that key parts of the work depend on the results of Figures 2 and 3. For 
these reasons, we retract the main conclusion of the paper that a type I-secreted, sulfated 
peptide triggers XA21-mediated innate immunity. 
SANG-WON LEE, SANG-WOOK HAN,? MALINEE SRIRIYANUM,? CHANG-JIN PARK,’ YOUNG-SU SEO,> 
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Working Together 
to Prepare for Disasters 


IN ADDITION TO THE DEATHS, INJURIES, AND 
damage to the physical and economic infra- 
structure caused by Hurricane Sandy, the 
storm wreaked havoc on scientific and bio- 
medical research infrastructure. Facilities and 
specialized equipment were destroyed; thou- 
sands of animals, many of which were pains- 
takingly genetically engineered, drowned due 
to basement flooding; cell lines and labora- 
tory records were lost; and many research- 
ers were left without a place to continue their 
work. Officials at New York University’s 
(NYU’s) Langone Medical Center estimated 
damages in the range of $700 million to $1 
billion for rebuilding costs, as well as lost rev- 
enue and delayed progress (/). 

In response to these losses, M. McNutt and 
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A. Leshner called for researchers and institu- 
tions “to begin discussions, if they haven’t 
already, on how to prepare for the worst, as 
the worst clearly can happen” (“Preparing for 
disasters,” Editorial, 9 August, p. 592). We 
propose that individual researchers, research 
institutions, and research sponsors share the 
responsibility of improving preparedness to 
mitigate the effects of future disasters. 
Individual researchers must take responsi- 
bility for developing an emergency plan that 
protects their research material and data from 
unanticipated losses. This includes know- 
ing the circumstances under which research 
materials, including data, cells, or animals, 
need to be moved and how they will be 
moved, as well as how electrical power will 
be sustained through a disaster. They might 
also consider collaborative arrangements 
in which irreplaceable material is routinely 
stored at a backup facility or another institu- 
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tion. From the clinical standpoint, research- 
ers could provide their clinical research sub- 
jects with a wallet card containing important 
study information in case participants are lost 
and need to seek vital treatment. Fortunately, 
individual researchers do not have to do this 
alone, and a first step for individuals should 
be to contact the emergency operations staff 
at their institutions and request help in com- 
pleting a detailed risk assessment and with 
practicing and revising their disaster plan at 
least annually. 

Research institutions are responsible for 
ensuring not only that the research infrastruc- 
ture is safe, but also that individual research- 
ers and their labs have a well-conceived and 
workable disaster plan. Those institutions 
located in potential flood zones should con- 
sider elevating key infrastructure to elimi- 
nate single points of failure and to account 
for new data available from FEMA to assess 
flood risk over the next 100 years (2, 3). All 
institutions should have risk-based plans for 
their research infrastructure that are practiced 
and updated annually. Several plans and spe- 
cific suggestions for preparedness efforts are 
available online (4-6) or from institutions 
and specific individuals that have addressed 
past disasters (7—/0). Several federal agen- 
cies, including the Centers for Disease Con- 
trol and Prevention, provide guidance regard- 
ing how laboratories can be better prepared 
(11), just as the Joint Commission provides 
guidance for hospitals (72). 
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Research sponsors may also wish to con- 
sider taking a more assertive role in protect- 
ing their research investments by requiring 
grantees and their institutions to have a risk- 
based disaster plan in place as a requirement 
for funding, a requirement that is already 
in place with certain organizations includ- 
ing the National Institute of Health Office of 
Laboratory Animal Welfare (73). They could 
further assist by providing a clearinghouse 
for model plans or best practices (/4). 
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A Model of Strength 


IN HER AAAS NEWS & NOTES PIECE “CAN 
the Southwest manage its thirst?” (26 July, 
p. 362), K. Wren quotes Ajay Kalra, who 
advocates a particular method for predict- 
ing Colorado River streamflow “because it 
eschews complex physical climate models for 
a statistical data-driven modeling approach.” 
A preference for data-driven models may be 


appropriate in this individual situation, but it 
is not so generally. 

Data-driven models often come with a 
warning against extrapolating beyond the 
range of the data used to develop the mod- 
els. When the future is like the past, data- 
driven models can work well for prediction, 
but it is easy to over-model local or tran- 
sient phenomena, often leading to predic- 
tive inaccuracy (J). 

Mechanistic models are built on estab- 
lished knowledge of the process that con- 
nects the response variables with the predic- 
tors, using information obtained outside of 
an extant data set. One may shy away from 
a mechanistic approach when the underlying 
process is judged to be too complicated, but 
good predictive models can be constructed 
with statistical components that account for 
ingredients missing in the mechanistic anal- 
ysis. Models with sound mechanistic com- 
ponents are more generally applicable and 
robust than data-driven models. 
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The Editor's Dilemma 


IN HER EDITORIAL ON “RISK” (12 JULY, P. 
109), M. McNutt confronts a dilemma shared 
by reviewers of grant proposals and journal 
manuscripts: how to remain skeptical, yet 
open-minded. Implicit in her commitment “to 


make good decisions in risky matters” is the 
structure of the review process. But this must 
be made explicit: How can participants in the 
review process control or balance biases to 
achieve fair decisions? To be human is to be 
biased, as research on “implicit” or “uncon- 
scious” bias demonstrates (/). That is where 
the judgment of editors and program officers 
is ultimately tested: How do they weigh the 
recommendations of reviewers who view 
risky ideas through intellectual lenses col- 
ored by knowledge, experience, and their 


CORRECTIONS AND CLARIFICATIONS 


News of the Week: “Findings: Just a cup for pregnant moms?” by E. Underwood (9 August, p. 597). The article incorrectly 
states that research by Silva and colleagues on the effects of caffeine on fetal brain development in mice was performed 
at the University of Coimbra in Portugal; the research was done at INSERM in Marseille, France. In addition, the study 
addressed not just one, but several subtypes of GABA neurons, some of which decreased in number in adult caffeine-exposed 


mice. The HTML version online has been corrected. 


Reports: “RNAi-mediated targeting of heterochromatin by 
the RITS complex” by A. Verdel et al. (30 January 2004, p. 
672; published online 2 January 2004). Levels of growth on 
medium (Fig. 1B) contained a misplaced photograph. The 
row of wild-type (Wt) cells in nonselective medium (labeled 
N/S) should have been the same as the row of N/S Wt cells in 
Fig. 2B but mistakenly showed N/S tas3-TAP cells from Fig. 
2B. The corrected Fig. 1B and, for comparison, the original 
Fig. 2B are presented here. The conclusions were not affected. 
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own competitive juices? In short, “examining 
the evidence with an open, unbiased mind” 
does not suffice. The structures implemented 
under the umbrella of “peer review” must 
work to subject those individual reviews to 
something that editors present as a defensibly 
collective decision (2), one that authors and 
reviewers alike deem acceptable. 

DARYL E. CHUBIN 


Savannah, GA 31405, USA. E-mail: daryl.chubin@comcast. 
net 


References 

1. CA. Moss-Racusin, J. F. Dovidio, V. L. Brescoll, M. J. 
Graham, J. Handelsman, Proc. Natl. Acad. Sci. U.S.A. 109, 
16474 (2012); published online 17 September 2012. 

2. Peer Review at Science Publications (www.sciencemag. 
org/site/feature/contribinfo/review.xhtml). 


Letters to the Editor 
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Artemisia, Malaria, and the Red Queen 


Wendy Lawley, Caroline Calvert, lan A. Graham 


he Chinese medicinal plant Artemisia 
| annua has been a popular choice for 
relief of fever for centuries, and the 
World Health Organization 
(WHO) recommends artemis- 
inin-based combination thera- 
pies (ACTs) for the treatment of 
uncomplicated malaria caused 
by Plasmodium falciparum (2). 
A shortage in the availability 
of artemisinin in late 2004 (3) 
led the U.S. Agency for Interna- 
tional Development (USAID) 
to support Artemisia cultivation 
in Africa. It was in that context 
that agricultural economist 
Dana Dalrymple prepared a USAID briefing 
paper that has subsequently grown through 
frequent revisions into the e-book Artemisia 
annua, Artemisinin, ACTs and Malaria Con- 
trol in Africa. As with its predecessors, Dal- 
rymple has released the work 
without copyright and made it 
freely available online. In its 
most recent version, the book 
incorporates selected updates 
through to March 2013. 

At present, about 90% of the 
deaths due to malaria occur in 
WHO ’s African region (4). So 
it is appropriate that the book, 
in an informal style, provides 
an accessible introduction to 
malaria control from the African 
perspective. Although he focuses 
on Africa, Dalrymple notes that 
Artemesia has long been a tradi- 
tional remedy for a range of ills 
(including malaria) and that dur- 
ing the 1970s Chinese research- 
ers demonstrated the qualities 
of the purified extract artemis- 
inin. He rightly acknowledges 
the act of “global public good of 
the first order” the Chinese per- 
formed in sharing their knowl- 
edge with the world. 

Dalrymple combines an 
overview of the scientific liter- 
ature with a repository of per- 
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sonal communications and contributions 
from members of the Artemisia community. 
He provides readers with a broad history that 
spans the discovery of arte- 
misinin, efforts to encourage 
Artemisia cultivation in Africa, 
and initiatives to increase 
the availability of ACTs in 
countries where malaria is 
endemic. His account some- 
times reads like the collective 
memoirs of a community, and 
in places it feels like a working 
document awaiting updates. 
Yet this approach offers a fas- 
cinating insight into how this 
particular subject has unfolded. 

The author cites over 1400 references 
and relates some of the key developments 
from research between 2006 and 2012— 
notably semi-synthetic artemisinin and the 
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commercial availability of high-yield hybrid 
Artemisia seed. He does not, however, set 
out to provide a definitive review of special- 
ist scientific publications in the field. As one 
might expect given his background, Dal- 
rymple focuses not on the specifics of sci- 
entific advancement per se but rather on the 
sometimes complicated interplay among 
public policy, economics, and social science 
in using these advancements to improve 
public health. He stresses the importance 
of placing research results within a holis- 
tic approach to malaria prevention and cure. 
Acknowledging the complexities therein, 
he calls for “individuals with, or represent- 
ing, a more comprehensive view of malaria 
control” to address the “epidemiological, 
medicinal, and macroeconomic issues” he 
has identified. 

The book raises conundrums in the 
use of Artemisia and artemisinin for read- 
ers to ponder. Dalrymple does not pro- 
vide answers; rather he notes that “[i]n this 
sense, this paper ends up not far from where 
it started.” Artemisia was originally a Chi- 
nese medicinal herb, harvested from the 
wild and administered as a tea by local com- 
munities. Dalrymple suggests that its nec- 
essary transition to a regulated, 
commercial product (ACT) 
raises complexities in intellec- 
tual-property management of 
“impure public goods, ones that 
incorporate both public and pri- 
vate dimensions,” Furthermore, 
he quotes scientists who ques- 
tion a reliance on plant products 
in 21st-century society while 
acknowledging both the impor- 
tance of Artemisia agriculture 
in Africa and the opportunities 
presented by natural products 
and their derivatives in address- 
ing health care needs. Dalrymple 
provides readers with sufficient 
insight to become frustrated by 
the many challenges associated 
with achieving effective malaria 
control and stabilizing the 
ACT supply chain, but he often 
leaves them to form their own 
conclusions about the possible 
solutions. 

Artemisia annua, Artemis- 
inin, ACTs and Malaria Control 
in Africa has far outgrown its 
humble origins and perhaps is 
now best considered as an Arte- 
misia community record, albeit 
one that continues to rely on Dal- 
rymple to provide coordination, 
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perspective, and expert comment. The book 
also provides a thorough introduction to the 
challenges of malaria control—which Dal- 
rymple likens to the advice the Red Queen 
gives Alice in Lewis Carroll’s Through the 
Looking-Glass: “Now, here, you see, it takes 
all the running you can do, to keep in the 
same place.” If the book encourages read- 
ers (especially specialists) to consider new, 
multidisciplinary approaches to tackling 
malaria, Dalrymple will consider his contin- 
ued efforts a success. 


References and Notes 

1. Available at www.mmv.org/newsroom/publications/ 
artemisia-annua-artemisinin-acts-malaria-control-in- 
africa. 

2. www.who.int/malaria/publications/world_malaria_ 
report_2012/en/. 

3. www.who.int/mediacentre/news/releases/2004/pr77/en/. 

4. www.who.int/malaria/world_malaria_report_2011/en/. 


10.1126/science.1243594 


HEALTH CARE 


Behind What Doesn't 
Make Sense 


Richard S. Mathis 


they interact with the health care sys- 
tem, because it is not always rational. 
Tests may be ordered that 
aren’t necessary, procedures 
recommended that are harm- 
ful, and mistakes made that 
could have been prevented. 
You would think that 
health care in the United 
States would be very dif- 
ferent. Isn’t it delivered by 
highly trained, intelligent 
professionals who have years 
of education and sizable resources at their 
disposal? Yet we Americans can hardly call 
our health care system a model of efficiency 
and rationality. Although 18% of our gross 
domestic product is spent on health care, our 
health outcomes do not compare favorably 
with those of other developed countries. We 
are typically close to the bottom of the list on 
measures related to mortality and morbidity. 
It is tempting to attribute the shortcom- 
ings of our system to a single villain. Private 
insurance companies, the government, and 
pharmaceutical manufacturers have all had 
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their turns. But what if the problem goes a 
little deeper? What if it involves such fac- 
tors as the way individuals make decisions? 
Douglas Hough’s Irrationality in Health 
Care provides an interesting perspec- 
tive on the topic. Hough (an economist at 
Johns Hopkins University) uses the tools 
of behavioral economics to understand 
why certain areas of irrationality exist. This 
fairly new school of economics differs from 
the mainstream, neoclassical approach, 
which assumes that people are rational and 
act in their own best interests. Behavioral 
economics draws on contemporary psy- 
chology and acknowledges that people are 
often not rational. People don’t always try 
to maximize their happiness through a util- 
ity function that enables them to choose 
wisely among available goods and services. 
Instead, their decisions are 
often made based on trial 
and error and a current sit- 
uation that acts as refer- 
ence point. Purchasers buy 
differently, for example, 
if they are “shown a more 
expensive house before 
a less expensive house, a 
fully equipped car before 
a stripped-down model, a 
fifty-two-inch LCD [liquid crystal display] 
television before a more modest set.” 
Hough constructs his consideration 
around a list of 23 anomalies in health care 
that are not rational and, therefore, can- 
not be explained by neoclassical econom- 
ics. Some of these anomalies cover issues 
that people in health care frequently won- 
der about—such as why the public supports 
specific aspects of health care reform but 
not the Patient Protection and Affordable 
Care Act containing those provisions, why 
patients insist on getting a prescription when 
they visit a physician, and why doctors can 
take a long time to adopt new treatment regi- 
mens and checklists. Other anomalies spot- 
light some of the most controversial issues 


in medicine, such as why there was 
an uproar in November 2009 when 
the U.S. Preventive Services Task 
Force recommendations for screen- 
ing mammography were released. 

Behind such anomalies are 
quirks in the way that people tend 
to think and feel. For example, 
people tend to fear loss more than 
they appreciate gain and to overre- 
act to the prospect of getting some- 
thing for nothing. Thus, although 
they may support such Affordable 
Care Act provisions as prohibiting 
insurance companies from denying cover- 
age due to preexisting conditions or setting 
lifetime limits on the total amount paid out 
for an individual’s health care, they fear that 
the law will reduce coverage and take away 
services they perceive to be free. These fac- 
tors tend to trump those driving support. The 
same is true of establishing guidelines that 
appear to limit a woman’s receiving mam- 
mography screening below 50 years of age. 
Even though the guidelines clearly state the 
rationale for the recommendation, the public 
outcry was deafening. 

Other tendencies that can influence 
decision-making include action bias, poor 
decision-making when faced with too many 
choices, and overoptimism when remem- 
bering compliance with rules and recom- 
mendations. Such inclinations contribute to 
patients insisting on prescriptions, consum- 
ers finding it difficult to reach a decision 
when provided with several health insur- 
ance options, and physicians misremember- 
ing how many times they washed their hands 
throughout the day. 

Hough carefully avoids using behavioral 
economics as an explanation of all things 
rational and irrational in U.S. health care. 
He is also realistic about the current status 
of behavioral economics as a “young and 
imperfect science.” Recognizing the limi- 
tations of the advancing field, he does an 
excellent job of applying it to well-known 
conundrums. The book could have been 
improved had the author listed all of the 
factors that contribute to irrationality in 
one place. That would have been a better 
use of space than including in the book the 
text of his interviews with physicians and 
economists. Although meant to shore up his 
points, those prove somewhat distracting. 
My minor criticisms, however, should not 
dissuade either health care practitioners or 
members of the public from reading /rra- 
tionality in Health Care. Both will find the 
book well worthwhile. 
10.1126/science.1244720 
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Newborn Screening: 
Gaps in the Evidence 


Bridget Wilcken'* 


his year marks the 50th anniversary 
[Te mass newborn screening. Newborn 

screening is becoming more impor- 
tant, with new treatments, new technolo- 
gies for detection of marker compounds, and 
cheaper ways to sequence the genome. But it 
has also become more controversial, demand- 
ing renewed discussion about the aims of 
newborn screening and whether it should still 
be directed, as at present, to ameliorating only 
disorders manifest in childhood. 

In 1963, Guthrie published a method for 
testing newborns for phenylketonuria (PKU), 
a rare, recessively inherited enzyme defi- 
ciency usually resulting in severe mental 
retardation unless treated from early infancy 
(1). His bacterial inhibition assay involved 
testing blood samples taken by heel-stick and 
dried on filter paper. The method was simple. 
Samples could be sent to a central lab for test- 
ing. During 1963, he tested >400,000 sam- 
ples and detected 37 cases of PKU. The sen- 
sitivity was good, and most children received 
dietary treatment by | month. The feasibility 
of mass screening was shown (2). 

The next important step was develop- 
ment of a method of screening for congeni- 
tal hypothyroidism (CH), in 1975 (3). Testing 
for PKU and CH was widely adopted in most 
countries with developed health systems. 
Individual tests for a few other rare disorders 
were added in various jurisdictions. However, 
there was little or no systematic assessment 
of benefits and risks of screening. 

In the 1990s, a pivotal change occurred 
with development of electrospray ioniza- 
tion tandem mass spectrometry (MS/MS). 
Many biochemically related disorders could 
be detected in one test, which allowed screen- 
ing for disorders that might not have been 
deemed suitable for separate testing because 
of their rarity (4). Another important advance 
was the realization that filter-paper blood 
samples are an easy and efficient source of 
DNA. Newborn screening became of much 
greater interest to pediatricians; scientists; 
and, in the United States, parent groups, who 
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perceived that newborn testing was 
something of a lottery: which dis- 
orders were tested depended on the 
state where the birth took place. 

It is possible now to screen new- 
borns easily and cheaply for >50 
rare disorders, and the number will 
increase quickly. The most universally 
accepted criteria for screening are the 
10 principles of Wilson and Jungner 
(5), summarized as follows: The con- 
dition should be an important problem 
with known natural history, and have 
an agreed policy on whom to treat 
as patients, and diagnostic and treat- 
ment facilities should be available; 
there should be a suitable, acceptable test; and 
the cost of case-finding should be economi- 
cally balanced in relation to medical costs as a 
whole. These criteria are sound, but there are 
new problems with newborn screening. 


ae 


f 
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The Problems 

There is a lack of evidence about screening 
for most disorders (6). For PKU and CH, 
there have been no formal trials, but there is 
much evidence of the effectiveness of screen- 
ing in preventing disability. The only random- 
ized controlled trials of screening were two 
conducted for cystic fibrosis (CF) starting in 
1985, one clearly suggesting benefit (7). After 
screening programs for CF began in the early 
1980s in New Zealand and regions of Aus- 
tralia, France, the United Kingdom, and the 
United States, the evidence of benefit from 
early diagnosis and intervention mounted 
inexorably (8). Children diagnosed early by 
screening and treated showed nutritional and 
growth advantages, less morbidity, and some 
evidence of improved lung function. In 2004, 
the U.S. Centers for Disease Control and Pre- 
vention advised screening: “The magnitude 
of the health benefits from screening for CF is 
sufficient that states should consider includ- 
ing routine newborn screening for CF” (9). 
Yet, in 2006, CF was barely included in the list 
of disorders recommended to U.S. screening 
panels, as it fell just above the cut-off thresh- 
old and behind 36 other disorders, some van- 
ishingly rare and with no evidence to support 
screening (/0). Not until 2010 was screening 
universal in the United States, United King- 
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Despite improvement and increased testing, 
standards and practice in screening babies 
for rare disorders remain muddled. 


b 
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dom, and 10 European countries. It is not yet 
universal in Canada. 

For MS/MS screening for disorders of 
amino acid and fatty acid metabolism, there 
have been few reports quantifying benefit and 
only one with both historical and contempo- 
raneous control groups. That study of 2 mil- 
lion births either screened or not screened, 
was still too small to confirm benefit in any 
of the rare disorders individually, except for 
medium-chain acyl-CoA dehydrogenase 
deficiency (MCADD), although it did dem- 
onstrate an advantage if all other disorders 
were combined (//). This illustrates how rar- 
ity makes assessing benefit difficult. 

Another major reason for the difficulty is 
that far more cases are detected by screening 
than are detected clinically among patients 
presenting for medical attention with symp- 
toms. Groups of screened and unscreened 
patients are not comparable: Screened groups 
may include those with milder cases, possi- 
bly never destined to become symptomatic; 
unscreened groups may include never-diag- 
nosed deceased patients. Comparisons must 
be between whole populations, not simply 
between screened and unscreened affected 
subjects, which greatly reduces statistical 
power. 

Also, definitions of disorders have not 
been adequately developed to enable like to 
be compared with like; the natural history of 
some disorders, especially of the milder phe- 
notypes, is not well known. Screening for 
lysosomal storage disorders has uncovered 
a surprising number of babies whose posi- 
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tive screening results do not differ from those 
of clearly affected cases, but who remain 
asymptomatic. The significance or probable 
age of onset of symptoms in such cases is 
unknown (/2). 

The harms likely from newborn screening 
largely relate to the worry caused by false- 
positive results or, worse, results of uncer- 
tain significance—which leave parents in 
limbo, uncertain whether or not their child is 
affected—and to overmedicalization in cases 
where treatment is not needed, with attendant 
anxiety and costs of unnecessary clinical 
care. These are not trivial issues and are sure 
to increase if, in the near future, newborns are 
screened by whole-genome, exome, or more 
targeted genetic sequencing. 

In considering which screening tests to 
offer, different countries have come up with 
widely divergent practices (/3). The United 
States has adopted a liberal approach, with an 
increasing number of disorders being recom- 
mended to states for inclusion. The original 
list included some disorders currently consid- 
ered benign, but the recommendation process 
is now rigorous (/4). However, pressure from 
parent groups directed at individual states has 
resulted in some screening for nonrecom- 
mended disorders. 

The results of advocacy group pressure can 
be seen in the history of screening for Krabbe 
disease (globoid-cell leukodystrophy), a lyso- 
somal storage disorder of young infants caus- 
ing progressive neurological dysfunction 
and death usually by 2 years of age. A 2005 
report of improved mortality after hematopoi- 
etic stem-cell transplantation was performed 
presymptomatically resulted in pressure from 
an advocacy group in New York state to start 
newborn screening. Screening began in 2006, 
contrary to advice from experts, and was later 
rejected by the U.S. Advisory Committee on 
Heritable Disorders (/4). 

Among the first million babies screened, 
of the 228 who initially tested positive, fur- 
ther testing indicated 114 to be unaffected; 84 
at low risk; and 26 at moderate or high risk 
of being affected, with low enzyme activity, 
some having two mutations in the GALC 
(“Krabbe”) gene. All have so far remained 
asymptomatic. Of four considered definitely 
affected, one died having refused treatment, 
one had some symptoms at transplant and 
did poorly, one died during the treatment 
(expected to have about a 15% mortality 
rate), and one was treated and is doing well, 
but with some symptoms (/5). The cost of 
screening and confirmation was $3.5 million. 
A review of the outcome of 25 U.S. children 
who received transplants presymptomatically 
(most identified as affected siblings) showed 


that all developed progressive neurological 
deterioration despite transplantation (/6). 

The United Kingdom, by contrast, has 
adopted a very cautious approach. MS/MS 
screening for one disorder, MCADD, under- 
taken as a pilot study in 2005, became rou- 
tine in 2010. A further five disorders, includ- 
ing glutaric aciduria type 1 (GA 1), are being 
studied in a pilot program starting in 2012— 
up to 14 years after such screening became 
routine in some large jurisdictions (/7). 
Overall, in Europe, 13 of 37 countries cur- 
rently use MS/MS in newborn screening, and 
include between 2 and 29 different disorders. 

All approaches contain ethical dilemmas. 
The U.S. system maximizes harms from un- 
necessary detection, with some increase in 
benefit from early diagnosis. The UK approach 
minimizes harms arising from screening, 
while allowing quantifiable harms from not 
screening. As an example of the latter, GA 1 is 
a devastating disorder usually leading to death 
or severe irreversible neurological damage. 
Dietary and emergency management of inter- 
current illness during the first years is highly 
protective (/8). But around eight UK children 
per year will have died or suffered irreparable 
damage during each of 10 years when screen- 
ing was not performed. The cost of screening 
for this particular disorder is tiny. 


Policy Implications and Recommendations 
Randomized controlled trials in newborn 
screening are almost impossible. Rare disor- 
ders require huge multicenter trials and pro- 
longed recruitment, as well as prolonged fol- 
low-up, as some disorders may have effects 
in adulthood. Policy-makers must accept 
good-quality, lower-order evidence. How- 
ever, the main policy implication is that fol- 
low-up and assessment must be built into all 
screening programs and adequately funded. 
Costs for screening one baby are small, but 
for the whole newborn population, screening 
is an expensive undertaking. It is important to 
know that the money is well-spent. 

It is impossible to be sure that screening for 
a particular disorder is beneficial until it has 
been tried, as shown with Krabbe disease. Intro- 
ducing new testing as research, not mandated, 
and asking for separate consent from parents 
(1.e., the baby receives routine screening and 
the parents can opt whether or not to have the 
extra research tests) have been undertaken suc- 
cessfully (9). This is the only solution to allow 
beneficial testing to be adopted. Mandatory 
testing is not usual in newborn screening out- 
side the United States, but very high levels of 
coverage—usually more than 99%—are rou- 
tinely achieved. It may be time for the United 
States to revisit mandated screening. 


One test detecting many disorders simul- 
taneously introduces problems. Benefit may 
seem clear-cut for one disorder, but for oth- 
ers, detected in the same test for almost no 
added cost, there may be more harm than 
benefit. If, in addition, some screening is to 
be performed as research, more parent and 
public information will be needed. 

Newborn screening has revealed diffi- 
culties in distinguishing severe early-onset 
phenotypes from adult-onset or benign ones. 
This dilemma is likely to become more 
marked, especially if primary DNA testing 
is used. We need to explore whether the aim 
of newborn screening should be extended to 
encompass late-onset disease or to remain 
strictly, as now, to ameliorate problems that 
will arise in infancy and childhood. In addi- 
tion, although public advocacy is important, 
often valuable, and raises matters deserv- 
ing of consideration, these groups’ concerns 
must not be allowed to overtake science. 
It is, for example, arguable whether it is a 
benefit to convert an early lethal disease to 
a chronic progressive one as has happened 
with Krabbe disease. 

Newborn screening has been a success 
story, but all proposed advances must be 
approached thoughtfully, or there could be 
public health disasters waiting around the 
corner. 
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What Are Mini-Brains? 


Byoung-il Bae and Christopher A. Walsh 


he human cerebral cortex defines us 
| as who we are. Its development and 
function underlie complex human 
cognitive behavior, while its malfunction 
or degeneration causes countless neurologi- 
cal and psychiatric diseases. It has evolved 
markedly in humans compared to other ani- 
mals and, therefore, no animal model truly 
recapitulates these human-specific features 
(1). We are currently limited to identifying 
genetic causes of abnormal brain develop- 
ment and function, observing brain shape 
and activity through imaging, and examin- 
ing postmortem brain tissues. You simply 
cannot analyze human brain development 
directly. The more we try to model human 
disease in the mouse—with its miniscule 
cerebral cortex one-thousandth the size of a 
human’s—the more we recognize the limita- 
tions of animal models. Lancaster et al. (2) 
have provided a major leap by developing 
a method to grow miniature human brain- 
like structures (cerebral organoids) from 
embryonic stem cells in vitro (2). The “mini- 
brains” recapitulate a surprising number of 
features of human embryonic brain devel- 
opment, heralding a new phase of modeling 
human disease. 

Human and mouse embryonic stem (ES) 
cells, when cultured in special conditions, can 
produce organoids with a strong resemblance 
to precursors of the eyes, pituitary gland, and 
other brain structures (3). Remarkably, these 
organoids self-organize and display key fea- 
tures of the target organs, suggesting that 
many aspects of nervous system development 
are intrinsic to populations of stem cells and 
can be activated under the right growth con- 
ditions, even in the absence of many growth 
factors that had been thought to be essential. 
Lancaster et al. built upon this idea, devel- 
oping a culture system for human ES cell— 
derived three-dimensional cerebral cortical 
organoids. This culture system introduces 
ES cells embedded in droplets of Matrigel (a 
gelatinous protein mixture) within a spinning 
bioreactor, providing the structural support 
and the nutrient/oxygen exchange that allows 
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Homegrown. A potential application for generat- 
ing human cerebral organoids (brainlike structures) 
will be the ability to study brain development, model 
disease, and gain a better understanding of actual 
brain physiology. 


growth of larger, more complex organoids 
(up to 4 mm in diameter). Most growth fac- 
tors are omitted from the medium, but reti- 
noic acid, which is critical for cortical neuro- 
genesis (4), is added to expedite development. 
In only 8 to 10 days, neurons appear, and in 
just 20 to 30 days, defined brain regions form. 
It takes months for this to happen in an actual 
human embryo. 

Although a cerebral organoid is far smaller 
than the brain of an early fetus, it recapitu- 
lates characteristics of normal brain develop- 
ment, giving rise to a wide range of discrete 
brain regions, including forebrain, midbrain, 
hindbrain, meninges, choroid plexus, hip- 
pocampus, and retina. The cerebral cortex 
region is further subdivided, at least crudely, 
in a fashion analogous to division of the nor- 
mal human brain into early motor, visual, and 
other areas. These regions seem to be interde- 
pendent, as markers of forebrain, for exam- 
ple, are adjacent to markers of hindbrain, sug- 
gesting mutual repression between regions. 

Even regions within a cerebral organ- 
oid show the normal process of neocortical 


Human cerebral organoids grown in the lab 
may quickly advance our understanding 
of brain development and disease. 


development intriguingly well. For exam- 
ple, the horizontal, oblique, and vertical 
orientations of dividing stem cell progeni- 
tors closely resemble the trend in the human 
brain rather than in the mouse brain. Spe- 
cialized progenitor cell types of the normal 
developing human brain also are recogniz- 
able, including outer radial glial (ORG) pro- 
genitors (/). Like the developing human 
brain, a cerebral organoid contains abun- 
dant oRG progenitors, whereas the devel- 
oping mouse brain and cerebral organoid 
do not. Neurons in the organoids also show 
some (albeit not all) of the migration seen 
in a normal brain: Organoid neurons form 
both a “preplate” scaffold that regulates 
later-migrating neurons, and an interme- 
diate, cell-sparse zone through which neu- 
rons migrate from deep in the brain to more 
superficial regions. As neurons assemble in 
the organoid cortex, they do so in a stereo- 
typical manner that is considerably rougher 
than, but surprisingly similar to, what is 
seen in a normal brain. Interneurons migrate 
especially long distances from outside the 
cortex in vivo, and a similar type of migra- 
tion is observed in organoids. As neurons 
differentiate in the organoids, they exhibit 
spontaneous Ca?" surges or “action poten- 
tials,’ which are the hallmark of functioning 
neurons in the brain. 

Lancaster ef al. further show that human 
cerebral organoids model some human dis- 
eases better than do mice. For example, 
the authors model microcephaly (“small 
brain”), which is caused by mutations in the 
gene CDK5RAP2. CDK5RAP2 encodes a 
centrosomal protein that controls centriole 
replication (and therefore cell signaling and 
proliferation). Unlike humans, mice with 
Cdk5rap2 mutations show only mild brain 
defects or more severe defects, depend- 
ing upon the mouse strain (5, 6). When 
induced pluripotent stem (iPS) cells derived 
from skin fibroblasts from a microcephaly 
patient (with an aberrant CDK5RAP2 gene) 
were cultured, cerebral organoids resem- 
bled human microcephaly—they were far 
smaller compared to control organoids due 
to premature neuronal differentiation at the 
expense of progenitor proliferation. 

It is astonishing that human cerebral 
organoids can generate multiple distinct 
brain parts and functional cortical neurons 
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intrinsically in vitro in such a short period 
of time, and display normal human cerebral 
cortex development broadly, if not perfectly. 
They do not grow beyond a 4-mm-diameter 
size, apparently because the lack of a blood 
supply limits access to nutrients. They lack 
many brain parts and cell types. And it is 
not yet clear how close the electrical poten- 
tials in organoids are to brain potentials, nor 
whether organoid neurons connect with the 
regions seen in an actual brain. Ethicists 
need not worry just yet, and may never need 
to worry, about the philosophical implica- 
tions of “consciousness in a dish.” Indeed, 
perhaps the more interesting philosophical 
implication of these organoids is the extent 
to which these seemingly bland and undif- 
ferentiated (albeit totipotent) ES cells can 


self-assemble into such a complex emergent 
structure. 

As tissue engineering further improves 
the structure and reproducibility of these 
organoids, they will likely find their strongest 
application in the modeling of diseases (7). 
Combining new stem cell technologies with 
genome-editing tools, such as TALEN and 
CRISPR-Cas9 (8), will allow genetic model- 
ing of many neurological and neuropsychiat- 
ric disorders. This may allow rapid screening 
of disease phenotypes, pathogenic mecha- 
nisms, and drug effects. Functional stud- 
ies of human-specific genetic changes using 
human cerebral organoids may also be pos- 
sible, providing insight into similar genes that 
act differently in humans and other mammals 
throughout evolution. Human pluripotent 
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ES cells and cerebral organoids promise to 
advance our understanding of neuroscience 
and stem cell biology ... and quickly. 
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Structure and Motion of a 2D Glass 


Markus Heyde 


ilicon oxide (silica) glass plays a key 
role in many modern technologies, 
from semiconductor devices and opti- 
cal fibers to supporting materials in hetero- 
geneous catalysis and novel durable glasses. 
Yet little is known about the atomic struc- 
ture of amorphous materials. Recent studies 
of two-layer glass structures have started to 
shed light on the structure of amorphous silica 
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Follow the motion. Silica consists of silicon and bridging oxygen atoms. In the 
2D structure, crystalline silica has only six-membered rings. Zachariasen pro- 
posed more than 80 years ago that amorphous silica forms a network of rings 
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CU, 2). On page 224 of this issue, Huang 
et al. provide direct evidence for dynamic 
rearrangements of such two-dimensional (2D) 
silica films under a probing electron beam (3). 

Diffraction methods are widely used to 
determine the structures of crystals and their 
surfaces. However, diffraction is of limited 
value for analyzing amorphous materials, 
which have no long-range order and peri- 
odicity. Zallen once wrote that “the atomic 
structure of an amorphous solid is one of its 
key mysteries, and structural information 
must be won with great effort” (4). 
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The structure and dynamics of a 
two-dimensional silica film provide 
fundamental insights into amorphous 
materials. 


Transmission electron microscopy (TEM) 
and scanning tunneling microscopy (STM) 
methods have the potential to overcome these 
difficulties. In TEM, increased resolution as 
a result of aberration correction has brought 
a renaissance to the field (5). Scanning probe 
microscopes are now also capable of true 
atomic resolution. Molecular motions or even 
chemical reactions can be followed with both 
techniques (6—S). It has been proposed that 
noncrystalline materials can also be charac- 
terized with these methods (9, /0), but this 
has not yet been realized. 
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of different sizes (12); recent studies of 2D silica bilayers have verified this model 
(A) (1, 2). Huang et al. now provide experimental evidence for a transformation 
from amorphous (B) to crystalline structures (C) in such bilayers. 


201 


PERSPECTIVES 


202 


It is only as a result of the 2D flatness 
and defined structure of a recently devel- 
oped class of materials that the character- 
ization of amorphous solids at the atomic 
scale has become possible. Freund initiated 
the synthesis of thin films of silica and other 
oxides (//). The sample system that offers 
the clearest insights into amorphous systems 
is the bilayer silica film. The atomic struc- 
ture of these bilayers can be tuned between 
crystalline and vitreous phases. Studies of 
such films have finally verified the atomic 
glass network, also known as random net- 
work theory, postulated by Zachariasen (/2) 
more than 80 years ago. The film structure 
resembles the original 2D drawings in all of 
its atomic details (see the figure, panel A). 

Recent studies with STM (/), followed by 
TEM (2), have revealed the atomic structure 
of amorphous silica bilayer films. The charac- 
terization of real-space data allows for a clear 
assignment of atomic sites. The position of 
oxygen and silicon atoms can be determined, 
and the ring structures, and their distribu- 
tion and local neighborhood can be directly 
visualized. Chemical sensitivity imaging 
with STM and atomic force microscopy has 


allowed direct assignment of all atomic spe- 
cies on the surface (/3). Furthermore, the 
structural transition from a crystalline to an 
amorphous domain has been investigated by 
STM imaging of an interface region (14). 

Huang ef al. now report the observation of 
structural rearrangements in an amorphous 
silica bilayer film. The authors used a probing 
electron beam to deliberately cause these rear- 
rangements. Remarkable images and videos 
show the movements of structural building 
blocks at the atomic scale. The opening and 
closing of ring structures and the subsequent 
rearrangements can be directly observed. 
The results open new ground for modeling 
the atomic structure and dynamics in glasses. 
By providing the opportunity to study vitre- 
ous materials at the atomic level, this unique 
model system is likely to have great impact 
on the general understanding of dynamic pro- 
cesses in amorphous bulk materials. 

Future work might allow a direct assess- 
ment of atomic structures at the transition 
temperatures, where the liquid solidifies to 
either the crystalline or the amorphous state. 
Doping, adsorption, growth, and chemical 
reactivity studies of 2D glasses are another 


focus of ongoing experiments. Band struc- 
ture measurements or other material prop- 
erties of 2D silica films might reveal unex- 
pected features similar to those of graphene. 
Finally, 2D silica films can be grown on vari- 
ous substrates. Such films may find applica- 
tions as new gate materials in the semicon- 
ductor industry. 
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APPLIED PHYSICS 


Directing Data Center Traffic 


Yeshaiahu Fainman' and George Porter’ 


he widespread adoption of cloud com- 
puting has led to the construction of 
large-scale data centers hosting appli- 
cations serving millions of users. Underpin- 
ning these data centers are tens to hundreds 
of thousands of servers that communicate 
internally with each other at high 
server-to-server bandwidths that 
are orders of magnitude greater 
than their connections to end 
users. Today’s data centers consist 
of racks of 20 to 40 discrete serv- 
ers, each configured with 8 to 16 
CPU cores, hundreds of gigabytes 
of memory, and potentially tens of 
terabytes of storage. To meet cost 
and energy scaling requirements, 
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a new data center design will be required in 
which a rack of multiple, discrete servers, 
including the top-of-rack network switch, is 
integrated into a single chip (see the figure). 
These integrated “rack-on-chips” will be net- 
worked, internally and externally, with both 


Rack of computers 


Shrinking data centers. Evolution of a data center design in which a rack of 
multiple, discrete servers, including the top-of-rack network switch, is integrated 
into a single chip. 


Rack-on-chip 


A data center design based on an integrated 
chip-scale approach will be required to deal 
with the increasing volumes of Internet traffic. 


optical circuit switching (to support large 
flows of data), and electronic packet switch- 
ing (to support high-priority data flows). 
Numerous technological advances must 
be made for this vision to be realized. First, 
the energy efficiency of the processor cores 
must be improved to facilitate 
efficient heat dissipation, and 
this problem is the focus of many 
researchers in the field. We will 
focus instead on supporting bet- 
ter intra- and interprocessor net- 
working. Although industrial 
efforts are under way to densely 
integrate optical networks within 
multicore processors (/), we 
argue that integrating rack-level 
networking requires more aggres- 
sive technology advancements. 
Historically, optical technolo- 
gies have enabled a large number 
of advancements in networking 
and communications, leading to 
the existence of the Internet with 
long-distance data transmission 
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driven by power- and time-efficient regen- 
eration. Recently, integrating circuit switch- 
ing with packet switching has been examined 
with the goal to create hybrid networks within 
individual data centers (2, 3), using optics to 
provide more efficient services for applica- 
tions relying on large flows of data. The key 
insight is that by quickly reconfiguring opti- 
cal paths, changes in traffic workloads can be 
supported. As we envision optical network- 
ing interconnecting tightly integrated rack- 
on-chip designs, providing both on- and off- 
chip connections, we need even faster opti- 
cal reconfiguration and cost-effective inte- 
gration to support the highly variable traffic 
flows between individual processors on the 
chip and among the chips. Next-generation 
data center designs built with rack-on-chip 
designs will need to support both circuit and 
packet switching. 

Each processor in the rack-on-chip 
design must have a transceiver, consisting 
of a transmitter and receiver. Each proces- 
sor core would be interconnected with the 
other cores through an optical circuit switch, 
which allows communication paths to be set 
up and reconfigured between the cores (simi- 
lar to the top-of-rack switch in current data 
centers). The high bandwidth between pro- 
cessor cores will require using both spatial 
and spectral (wavelengths) degrees of free- 
dom, with wavelength-division multiplex- 
ing. Pairing each processor core with a trans- 
ceiver requires miniaturizing transceivers 
and integrating them with the rack-on-chip 
design. The transceiver should be low-power 
and highly efficient, meaning that excessive 
heat is not generated, and that only a small 
number of photons over relatively short dis- 
tances should be necessary to represent a bit 
of information, transmitted with low loss, and 
detected with an efficient receiver. 

Nanophotonic technologies may meet the 
requirements for miniaturizing transceivers 
and circuit switches, using metamaterials, res- 
onant nanostructures, nanoscale lasers, modu- 
lators, and receivers and switches. For exam- 
ple, it is possible to use advanced lithography 
to write and assemble devices and circuits 
into subsystems that support the rack-on-chip 
design. Recent advances in silicon photonics 
using complementary metal-oxide semicon- 
ductor—compatible manufacturing processes 
(4) mean that chip-scale, highly integrated 
optoelectronic solutions can be realized at low 
cost while meeting the other needs of scal- 
ability, bandwidth, fault tolerance, and energy 
efficiency. However, the efficient generation 
of light on a silicon chip is still in its infancy, 
and may not be able to overcome the funda- 
mental issues prohibiting efficient generation 
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of light in indirect band-gap semiconductors. 
Alternative solutions similar to the delivery 
of electrical power from off-chip sources will 
bring the optical fields into the rack-on-chip. 
Or photons can be generated on the chip—for 
example, through heterogeneous integration 
of III-V compound semiconductor devices, 
such as nanolasers (5, 6). 

To achieve highly scalable optical circuit 
architectures that can support many proces- 
sor cores, each switching element must be 
miniaturized, relying on high optical non- 
linearities that are very difficult to achieve 
in natural materials. One approach could be 
to develop nonlinear metamaterials, which 
are deeply subwavelength composites, engi- 
neered on atomic scale and/or a scale of a 
few atomic layers, exhibiting a qualitatively 
different response to radiation than that pre- 
dicted by the effective medium theories of 
classical physics (e.g., crystal symmetry 
breaking, exotic semimetal modulation mate- 
rials, and composite metal-dielectric nonlin- 
ear materials). The high nonlinear coefficient 
of new nonlinear metamaterials together with 
small-volume localized modes will enable 
low energy-per-bit operation. 

Once this optical networking technol- 
ogy is integrated with electronic proces- 
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sors as a rack-on-chip design, the number of 
such chips can then be scaled up to meet the 
needs of future data centers. This will enable 
delivering new kinds of applications, such 
as computational climate modeling and bio- 
logical applications, big data applications 
harnessing huge data sets, and online appli- 
cations delivered to hundreds of millions 
of users. 
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DEVELOPMENT 


Getting Your Gut into Shape 


Benjamin D. Simons‘? 


Mechanical forces exerted between tissue layers in the intestine are all that is needed to make 


gut villi. 


he specification and patterning of 

plant and animal tissues relies upon 

the spatial and temporal coordina- 
tion of biochemical and physical processes 
at the molecular, cellular, and tissue scale 
(1, 2). Yet, despite access to genetic manip- 
ulation techniques and in vivo live-imaging 
platforms, progress in understanding how 
these processes interact in development has 
proved challenging. Reliant on the interplay 
of gene regulatory and mechanical cues, the 
emergence of spatial organization in the gut 
epithelium provides a paradigm for morpho- 
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genic processes in vertebrates. On page 212 
of this issue, Shyer et al. (3) combine in vitro 
analyses of tissue explants with the develop- 
ment of a biophysical modeling scheme to 
show that the seemingly complex process of 
intestinal villi specification can be explained 
simply through the action of mechanical con- 
straints. 

In vertebrates, the digestive tract arises 
from a primitive gut tube (4). As the gut 
matures, the foregut, midgut, and hindgut 
become morphologically distinct, before dif- 
ferentiating into specialized primary organs: 
The foregut (pharynx, esophagus, and stom- 
ach) is responsible for ingestion and the ini- 
tiation of digestion, whereas the midgut 
(small intestine) provides the major site of 
digestion and nutrient absorption, and the 
hindgut (large intestine) resorbs water and 
expels waste. To fulfill these functions, the 
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gut organ epithelia acquire distinct lumi- 
nal morphologies (5). In particular, to max- 
imize the absorptive area of the epithelium, 
the mucosa of the small intestine is remod- 
eled into an intricate array of finger or leaf- 
like protrusions, known as villi, which extend 
into the lumen. At the base of the villi, smaller 
glands, known as crypts of Lieberktihn, form 
invaginations that open onto the luminal sur- 
face and provide a niche environment for the 
stem cells that support the rapid turnover of 
the epithelium (6). 

For many organisms, the morphology of 
the small intestine is not specified directly 
through a genetically determined develop- 
mental program but instead emerges in a 
sequence of morphological alterations (5, 7). 
This stepwise progression is exemplified by 
the chick: Early in development, the small 
intestine comprises a smooth cylinder of mes- 
enchyme, supported by an external layer of 
mesothelium and an internal layer of epithe- 
lium (see the figure, panel A). As the epithe- 
lium expands by cell division and the mesen- 
chyme differentiates to form a layer of circu- 
larly oriented smooth muscle, a regular array 
of “previllous” ridgelike structures develops 
along the length of the gut. Later, two further 
layers of longitudinal smooth muscle appear 
sequentially on either side of the circular mus- 
cle, the first accompanied by a transition of the 
ridges into a herringbone pattern of zigzags 
(see the figure, panel B) and the second lead- 
ing to the emergence of villi. Finally, late in 
development, crypts form following the spec- 
ification of progenitors at the base of the villi, 
which form invaginations into the submucosa. 

Previous studies have conjectured that 
mechanical factors might drive morphogen- 
esis in the intestine (5, 7, 8). However, the 
question of whether patterning emerges “‘pas- 
sively” from the resolution of mechanical 
stresses imposed by the expansion of the epi- 
thelium against the muscle layer, or whether it 
results from the active contraction of individ- 
ual cells, remained open. By designing a com- 
bination of in vitro assays, Shyer et al. show 
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that the emergence of previllous structures in 
the chick embryo relies on mechanical con- 
straints imposed by muscle differentiation. 
As well as demonstrating that the separation 
of the muscle layer from the internal mesen- 
chyme and epithelium inhibits the formation 
of ridgelike structures in vitro, they show that 
patterning can be restored simply by con- 
straining the circumferential expansion of the 
muscle-free gut using a porous silk tube. Sim- 
ilarly, they have shown that the subsequent 
“buckling” of the ridges can be abolished by 
chemically inhibiting the first round of longi- 
tudinal muscle differentiation, whereas inhi- 
bition of the second round prevents transfor- 
mation of the zigzag pattern into villi. 

To further elucidate the dynamic process 
of remodeling, Shyer et al. develop a minimal 
biophysical modeling scheme, based only on 
the minimization of the strain energy of the 
layered structure, treating the growing tissue 
as a geometrically constrained elastic mate- 
rial. Within this scheme, they provide a quan- 
titative basis for the origin and scale of the 
sequence of alterations and, through adjust- 
ments in the constitutive parameters, account 
for the diverse range of villi structures seen 
in different organisms, from Xenopus and 
zebrafish to snakes and mice. 

Numerous studies have emphasized 
the importance of differential growth and 
mechanical stress in shaping the morphology 
of multicellular organisms and tissues (9-11). 
Patterning in airways (/2), arteries (/3), skin 
(14), and brain (/5) have all been associated 
with buckling-like instabilities created by 
mechanical forces acting on a growing tissue 
(see the figure, panels C and D). The present 
study provides a firm experimental basis for 
mechanics not just contributing to, but driv- 
ing, patterning in the intestinal epithelium. 

In the light of this work, it is natural to 
question whether the final stage of intesti- 
nal patterning, the invagination of crypts, can 
also be accounted for by mechanical forces. 
However, the remarkable ability of individual 
intestinal stem cells to reconstitute organized 


Tissue “origami” builds gut villi. Expansion of 
the growing epithelium in the small intestine of 
vertebrates against layers of muscle in the mes- 
enchyme (A) leads to buckling and the progres- 
sive emergence of patterned fingerlike structures 
known as villi (B) [after (7)]. A similar buckling 
mechanism is thought to account for the appear- 
ance of textures in a variety of layered tissues from 
(C) the folds in the mucosal lining of the bronchi- 
oles in lung to (D) the convoluted structures of the 
cerebral cortex in large mammals. 


cryptlike structures in vitro, in the absence of 
an underlying mesenchyme (/6), points to a 
different mechanism where transcriptional 
regulation and cell-cell interactions conspire 
with mechanical cues to engineer a stereo- 
typic cellular organization. 

In the postgenomic era, it has become 
anathema to speak about “mechanism” with- 
out reference to interactions of genes and 
gene products. The current study is instruc- 
tive in that, without addressing information 
on subcellular processes, it fulfills the objec- 
tive of mechanistic understanding, providing 
an explanation of the emergence of pattern- 
ing and offering predictive new insights. 
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ECOLOGY 


Cleaner Lakes Are Dirtier Lakes 


Emily S. Bernhardt 


the difference between a lake clogged 

with algae and a clear lake where peo- 
ple flock to fish and swim. Although nutrient 
pollution remains the most common source 
of water-body impairment throughout much 
of the developed world (/), phosphorus 
management has reduced algal blooms in 
many temperate lakes worldwide (2). Yet 
on page 247 of this issue, Finlay et al. (3) 
report a downside to this success. In a series 
of lakes in which phosphorus inputs have 
declined, they show substantial increases in 
nitrate pollution. 

To understand this phenomenon, we must 
first recognize that nitrogen and phosphorus 
cycles in lakes are linked. Algae require 10 
to 40 times as much nitrogen as phospho- 
rus (4), but phosphorus is typically in much 
shorter supply than nitrogen, and the growth 
of algae in most temperate lakes is therefore 
phosphorus-limited. It tends to remain that 
way because whenever phosphorus load- 
ing to lakes increases, nitrogen-fixing blue- 
green algae ensure that there is sufficient 
nitrogen by converting atmospheric dinitro- 
gen (N,) into tissue nitrogen (5). 

Finlay et al. suggest that historic phos- 
phorus pollution led to large amounts of 
pollutant nitrogen being assimilated into 
the tissues of algal blooms, which were 
exported to the lake bottom as those algae 
died (see the figure, panel A). In high-phos- 


Presa pollution can often explain 
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Lake pollution revisited. (A) High phosporus loading to lakes leads to the assimi- 
lation of large amounts of both nitrogen (N) and phosphorus (P) by algal blooms. N 
fixation ensures that the algae can take advantage of all available P. Export of algal 
tissues from the surface to the lake bottom leads to the burial or denitrification of 
assimilated N. Under these conditions, little N is exported from the lake to down- 
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phorus lakes, algal blooms efficiently move 
large amounts of nitrogen and phosphorus 
together with recently fixed algal carbon 
into the subsurface, fueling high microbial 
activity and oxygen consumption. The high 
supply of carbon, together with low oxy- 
gen, provides ideal conditions for denitrifi- 
cation, the microbial metabolic pathway in 
which microbes breathe nitrate (NO;) while 
decomposing organic substrates, convert- 
ing the pollutant NO, to the inert N, gas that 
makes up 78% of our atmosphere. 

As phosphorus supply to lakes declines, 
there is no mechanism equivalent to nitro- 
gen fixation by which algae can generate 
additional phosphorus. Excess nitrogen thus 
remains unused in lake water. Denitrifiers are 
an important sink for nitrogen in all lakes, 
but their ability to remove nitrogen is con- 
strained by the supply of energy (in the form 
of organic matter) and requires the absence 
of oxygen. Reduced algal biomass due to 
reduced phosphorus loading means that less 
organic matter falls to a lake’s depths, oxy- 
gen supplies are not depleted, and microbial 
denitrification is not energetically favorable 
(see the figure, panel B). 

These considerations explain why good- 
faith efforts to manage phosphorus appear to 
be leading to lakes that are clearer and better 
oxygenated but more polluted with nitrogen. 
This nitrogen is exported to downstream 
waters, ultimately contributing to pollu- 
tion problems in coastal waters, where algae 
are typically limited by nitrogen. Lakes are 
important nitrogen sinks (6, 7), and the lakes 
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Efforts to reduce the phosphorus input to 
lakes have helped to lessen algal blooms 
but exacerbated nitrate pollution. 


in Finlay ef al.’s synthesis are no exception, 
removing up to 90% of nitrogen inputs. Yet 
their results raise concerns that this nitro- 
gen retention capacity is declining as a con- 
sequence of phosphorus load reductions. 
Recent efforts to model the movement of 
nitrogen across the continental United States 
suggest that nitrogen retention in lakes and 
reservoirs is critically important in reducing 
the amount of terrestrial nitrogen runoff that 
makes its way into coastal oceans (8). Fin- 
lay et al.’s synthesis suggests that some part 
of this historic nitrogen retention efficiency 
in lakes should be attributed to phosphorus 
pollution. 

Regulations intended to improve air and 
water quality typically focus on one prob- 
lem at a time, ignoring the reality that pol- 
lutants interact. For example, clean air leg- 
islation required the installation of smoke- 
stack scrubbers to reduce acid rain. This 
intervention successfully reduced sulfur 
dioxide emissions, but the acidity of rain 
was not as strongly affected as anticipated 
because scrubbers also reduced atmo- 
spheric concentrations of neutralizing dust 
(9). The same aerosol reductions also unex- 
pectedly exacerbated global warming trends 
by allowing more sunlight to reach Earth’s 
surface (/0). Although these unanticipated 
consequences in no way change the correct- 
ness of the decision to reduce particulate 
matter, they do suggest that predicting the 
effects of new regulations requires consid- 
eration of the complex interactions between 
pollutants. 
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stream rivers. (B) The results reported by Finlay et al. demonstrate that as P inputs 
decline, algal growth and N assimilation also decline, and the biological pumping 
of N into lake sediments slows down. Without high rates of assimilating and sinking 
together with burial or denitrification, more nitrogen remains in the surface waters 
of these clearer lakes. This unused nitrogen is then exported downstream. 
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Finlay et al.’s work provides another 
example of such unintended consequences of 
solving only one of two linked environmen- 
tal problems. Their analysis raises important 
questions about the spatial scale of nutrient 
management efforts. Phosphorus reductions 
have unquestionably improved conditions 
in many temperate lakes, but these improve- 
ments may exacerbate nitrogen pollution prob- 
lems in sensitive coastal waters. Rising nitrate 
concentrations in fresh waters may also have 
implications for global climate, because nitro- 
gen loading has been shown to enhance the 


production of the potent greenhouse-warming 
and ozone-destroying gas nitrous oxide (N,O) 
in lakes (1/7, 12), wetlands, and streams. It is 
high time to consider the substantial environ- 
mental benefits at all scales that will be gained 
by addressing these tightly linked, essential, 
and overused nutrients—nitrogen and phos- 
phorus—simultaneously (/3). 
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GENETICS 


GWAS to Therapy by Genome Edits? 


Ross C. Hardison’ and Gerd A. Blobel”? 


isorders of hemoglobins are the most 
Der= monogenic diseases in the 

world, with substantial morbidity 
and mortality resulting from either defective 
function of the protein, such as in sickle cell 
anemia, or from insufficient protein produc- 
tion, such as the thalassemias (/). Genome- 
wide association studies (GWAS) have impli- 
cated two genes other than the globin genes 
as potential modulators of the pathology of 
these diseases by influencing the amounts of 
fetal hemoglobin (HbF). On page 253 in this 
issue, Bauer et al. (2) characterize common 
single-nucleotide polymorphisms (SNPs) 
in one of these genes, BCL11A. SNPs asso- 
ciated with mild increases in HbF amounts 
reside within a powerful tissue- and develop- 
mental stage-specific BCL11A enhancer (see 
the figure). Genome engineering reveals that 
this enhancer is essential for erythroid expres- 
sion of BCL11A, and as a consequence, for 
globin gene expression. This exquisite speci- 
ficity points to genome editing as a plausible 
approach to lasting corrective cell-specific 
therapy for certain hemoglobinopathies. 

The first disease-linked mutation defined 
at the molecular level was the amino acid sub- 
stitution in B-globin that leads to sickle cell 
anemia (3). Since then, genetic alterations 
have been identified as underlying causes 
for diverse congenital hemoglobinopathies. 
The search for therapies based on genetic 
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insights has driven investigation of the genet- 
ics and regulatory machinery of the globin 
genes. Most vertebrates produce different 
forms of hemoglobin during development, 
and humans produce a fetal stage-specific 
form called HbF. The concentration of HbF 
normally declines after birth, but the amount 
of HbF persisting in normal adults is a vari- 
able trait with strong heritability. Elevated 
HbF amounts can attenuate the symptoms 
in patients with sickle cell disease or thal- 
assemias (4). GWAS initially identified two 


Low fetal hemoglobin 
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Genetic and epigenetic studies of gene variants 
reveal a potential genomic target for treating 
hemoglobin disorders. 


quantitative trait loci, not linked to the B-like 
globin genes, that determine the amount of 
HbF produced in normal populations (5, 6). 
One of these loci encodes BCL11A. Notably, 
~15% of the variation in HbF in sickle cell 
anemia populations is accounted for by SNPs 
in BCL11A, which is high compared to most 
GWAS. BCL11A is a transcription factor that 
represses embryonic and fetal B-like globin 
transcription in human and mouse erythroid 
cells, and is a dominant regulator of develop- 
mental globin gene expression (7, 8). Bcll la 
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Exploiting nature’s variants. (Left) An erythroid enhancer promotes expression of BCL11A, which encodes 
a repressor that silences fetal globin genes HBG1 and HBG2 in adult human erythroid cells. The globin gene 
HBB is expressed in adult erythroid cells, but if mutated, disease can ensue, such as the production of sickle 
cell hemoglobin (HbS). (Middle) Natural variants in the enhancer reduce BCL11A production and boost fetal 
globin gene expression. Production of fetal hemoglobin (HbF) can ameliorate symptoms of some hemoglo- 
binopathies. (Right) Removal of the enhancer is expected to reduce the amount of BCL11A, thereby allowing 
expression of the fetal globin genes and improving the pathologies from HBB mutations. 
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loss ameliorates sickle cell anemia in mouse 
models of the disease (9). 

Bauer et al. show that a region within 
an intron of the BCL//A gene has epigene- 
tic signatures indicative of a transcriptional 
enhancer, as reflected in hypersensitivity to 
deoxyribonuclease, histone modifications 
associated with active enhancers, and physi- 
cal juxtaposition with the BCL1/A promoter 
regions through chromatin looping. SNPs 
with the most pronounced effects on HbF 
concentration fall at or near these critical reg- 
ulatory sequences, and in one case impairs 
binding of erythroid transcription factors. In 
transgenic mice, this enhancer is sufficient 
to drive expression of a reporter gene pre- 
dominantly in the fetal liver, the initial site of 
adult-type erythropoiesis in the developing 
mouse. Its deletion from the Bcl/Ja gene in 
a murine erythroid cell line, but not in a lym- 
phocyte cell line, impaired BCL11A produc- 
tion, accompanied by an increase in embry- 
onic globin expression, thus confirming the 
erythroid specificity of the enhancer. 

More broadly, the results of Bauer e¢ al. 
inform our understanding and expectations 
of the role of regulatory variants in complex 
traits, including disease susceptibility. Trait- 
associated variants discovered in GWAS are 
enriched in DNA segments carrying epigen- 
etic hallmarks of regulatory regions (/0, //). 
However, most variants have modest effects 
on the phenotype, as is the case for the SNPs 
at the BCL/IA locus. Yet, examination of 
the genomic context of these trait-associated 
variants has led to the identification of an 


enhancer with a powerful effect on expres- 
sion of BCL/JA and, indirectly, the globin 
genes. Thus, the modest phenotypic effects 
of the common variants mapped in GWAS 
need not be interpreted as indicative of mod- 
est effects of the regulatory region or locus 
in which they reside. Rather, they should be 
considered as components of a regulatory 
complex that in total could have strong effects 
on phenotype. 

Gene replacement therapy for the hemo- 
globinopathies has proved to be an extraordi- 
narily difficult prospect (2). An alternative 
strategy to raise HbF concentrations would 
be to reduce BCL11A amounts or activity. 
However, BCL/1A is widely expressed, and 
its loss is lethal due to nonerythroid effects 
(13). Those considerations and the gener- 
ally undruggable nature of transcription fac- 
tors led to the initial view of BCL11A as an 
implausible target for therapeutic interven- 
tion. The study of Bauer et al., however, 
raises the possibility of crippling the ery- 
throid enhancer through genome editing in 
human hematopoietic stem or progenitor 
cells. Cells thus modified would be expected 
to display loss of BCL/1A expression in ery- 
throid cells while maintaining it in nonery- 
throid lineages. The potential benefits would 
be an increase in HbF production; a recipro- 
cal decrease in expression of the defective 
adult globin in the case of sickle cell anemia; 
permanence of a one-time genetic deletion 
compared to gene replacement therapies 
that require long-term sustained expression 
of a transgene; and a selective growth advan- 
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tage of modified erythroid cells over unmod- 
ified counterparts. 

Advances in genome editing (/4, 15) 
are moving enhancer modifications into the 
arsenal of gene therapy approaches. How- 
ever, additional work in animal models and 
primary human cells is needed to confirm 
and extend characterization of the enhancer, 
with emphasis on measuring effects on other 
tissues or genes. Further improvements in 
genome editing are essential to maximize 
efficiency and minimize off-target genomic 
alterations. Despite these challenges, the 
results of Bauer ef al. suggest that genomic 
modification of an erythroid enhancer might 
ameliorate hemoglobinopathies, and the old 
dream of genetically guided therapies for this 
disease spectrum may become a reality. 
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RNAi, Antiviral After All 


Selena M. Sagan’ and Peter Sarnow” 


NA interference (RNAi) is an evolu- 
R tionarily conserved pathway in cells 

for potent and specific silencing of 
gene expression. It is triggered by the accu- 
mulation of double-stranded RNA (dsRNA), 
which is subsequently processed into small 
interfering RNA (siRNA) and taken up into 
a protein complex that silences genes by 
cleaving their complementary RNAs (J). 
This mechanism has an important function 
in immunity against viruses in infected plants 
and invertebrates, but whether this is true 
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in mammals has been widely debated (2). 
On pages 235 and 231 of this issue, Mail- 
lard et al. (3) and Li et al. (4) provide 
evidence for the existence of a functional 
antiviral RNAi pathway in mammalian cells. 

There has been a lack of compelling 
evidence for virus-derived small RNAs 
(vsRNAs) in mammalian cells (5). vsRNAs 
were detected in 41 human cell lines 
infected with six different RNA viruses, but 
it was unknown whether the vsRNAs were 
functional (6). It has been suggested that 
mammals have supplanted the RNA-based 
antiviral RNAi pathway with the protein- 
based, antiviral interferon (IFN) response 
(237): 
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No longer elusive, mammalian antiviral RNA 
interference is now confirmed. 


Maillard e¢ al. noted that undifferentiated 
mouse embryonic stem cells (mESCs) lack 
an innate immune response that normally is 
stimulated in the presence of long dsRNA (2, 
8). However, mESCs support the incorpora- 
tion of siRNAs into functional RNA-induced 
silencing complexes (RISCs), demonstrat- 
ing that mESCs contain an intact RNAi path- 
way (S—//). Thus, the authors reasoned that 
mESCs were a good experimental system to 
detect potential antiviral RNAi responses in 
the absence of innate IFN responses. Indeed, 
the authors observed that upon infection of 
mESCs with encephalomyocarditis virus 
(EMCV), vsRNAs were associated with the 
Argonaute 2 (the protein that loads RNA into 
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Antiviral RNAi in mammals. (A) RNAi and the IFN response function at different times in mESCs. (B) Upon 
infection with an RNA virus (NoV) that lacks (NoVAB2) or expresses a mutant (NoVmB2) viral RNAi suppres- 
sor, suckling mice mount an antiviral RNAi response that clears the infection. The lethality of wild-type (WT) 
NoV infections is likely due to viral suppression of antiviral RNAi and the lack of IFN responses at this early 
stage of mouse development. In adult mice, the IFN response supplants antiviral RNAi in viral clearance. 


RISC) and were undetectable in cells lacking 
Dicer, the enzyme that cleaves dsRNAs into 
siRNAs. Accumulation of EMCV vsRNAs 
was reduced upon cell differentiation (see 
the figure), whereas the abundance of most 
siRNAs remained unchanged. This was attrib- 
uted to the establishment of the IFN response, 
supplanting the RNAi antiviral response upon 
cell differentiation. However, the function of 
these EMCV vsRNAs was not clear. 

A potential function for vsRNAs could be 
ascertained, however, from infection studies 
of mESCs with Nodamura virus (NoV). Wild- 
type NoV encodes a suppressor of RNAi called 
B2. This protein is essential for virus multipli- 
cation in that it inhibits Dicer (/2). Maillard et 
al. found that wild-type NoV infected mESCs 
with high efficiency compared to NoV lack- 
ing B2 (NoVAB2). Deep sequencing revealed 
virally derived RNAs with canonical features 
of 22-nucleotide siRNAs. Furthermore, rep- 
lication of NoVAB2 could be rescued by 
ectopic expression of either B2 or the Ebola 
virus VSR protein (VP-35), which suppresses 
mammalian Dicer through an alternative 
mechanism to B2 (/3). These results indicate 
that NoVAB2’s growth defect is due to its lack 
of suppression of RNAi, which is normally a 
potent antiviral pathway in mESCs. 

Li et al. investigated whether vsRNAs can 
be generated in infected animals. Although 
NoV infections were lethal to 7-day-old suck- 
ling mice, NoVAB2 infections resulted in a 
factor of 1000 lower viral RNA abundance, 


and the mice remained healthy for the dura- 
tion of the experiments. Gene expression 
profiles of known innate antiviral pathways 
revealed no major differences between mice 
infected with either virus, suggesting that 
the rapid clearance of NoVAB2 was not due 
to an innate immune response (4). A caveat 
of this interpretation is that certain genes of 
the innate response can have high constitu- 
tive expression. Furthermore, a mutant virus, 
NoVmB2, which contains a mutation in B2 
protein that abolishes its RNAi suppressor 
function, was also nonvirulent in suckling 
mice. Deep sequencing revealed accumula- 
tion of vsRNAs with canonical features of 
22-nucleotide siRNAs in mice infected with 
either mutant virus, but not with wild-type 
virus. Thus, without suppression of the RNAi 
system by the virus, suckling mice can mount 
a sufficiently potent antiviral RNAi response 
to protect against infection. By contrast, NoV- 
infected adult mice clear the virus with antivi- 
ral protein-based IFN responses. 

The evidence for a functional antiviral 
RNAi pathway in mammals suggests that 
both RNA-based and protein-based antiviral 
mechanisms operate in mammalian tissues, 
possibly at the same time. Indeed, it is likely 
that RNAi-based and IFN-based antiviral 
immune responses intersect. For example, in 
vitro biochemical studies suggest that innate 
immune factor PACT can bind to both the 
dsRNA-activated protein kinase PKR, which 
is part of the protein-based response, and to 


TRBP, which modulates Dicer activity in the 
RNA-based response (/4, /5). 

Why has mammalian antiviral RNAi been 
so elusive to date? As Maillard er a/. and Li 
et al. point out, antiviral RNAi may have 
been overlooked in previous studies, most of 
which have invariably used viruses that may 
encode potent viral suppressors of RNAi. 
Furthermore, Li et a/. note that most studies 
have been carried out in differentiated mam- 
malian cells that can mount potent and rapid 
IFN responses. These findings raise the ques- 
tion as to whether some differentiated cell 
types, but not others, can mount antiviral 
RNAi responses. It is still unclear whether tis- 
sue-specific RNAi mechanisms could explain 
tissue tropism and pathogenic signatures of 
certain viruses in infected animal hosts. Also 
unknown is whether there exists an RNA- 
based response to viruses that do not elicit 
protein-based innate immune responses. 

The finding that suckling mice retain an 
antiviral RNAi mechanism is intriguing. 
Whether this indicates that a subset of fetal 
cells has retained a diverse RNA-based anti- 
viral system to combat viruses—and if so, 
when during development, and in which tis- 
sues the RNAi pathway is inhibited—should 
be explored. Seo ef al. (16) noted that mem- 
bers of microRNA cluster miR-17/93 nega- 
tively regulate the expression of IFN-stim- 
ulated genes (ISGs). However, virus infec- 
tion could inhibit RNAi activity by poly- 
ADP-ribosylation of RISC, thereby reducing 
miR-17/93 and increasing ISGs. In this sce- 
nario, RNAi does not play an antiviral role. A 
better understanding of the antiviral RNAi 
pathway will help to answer these questions 
and elucidate the intersection of the protein- 
based and RNA-based immune responses in 
mammalian development and evolution. 


References 
. S.W. Ding, O. Voinnet, Cell 130, 413 (2007). 
. J. L. Umbach, B. R. Cullen, Genes Dev. 23, 1151 (2009). 
. PV. Maillard et al., Science 342, 235 (2013). 
. Y. Lietal., Science 342, 231 (2013). 
. S. Pfeffer et al., Nat. Methods 2, 269 (2005). 
. P. Parameswaran et al., PLOS Pathog. 6, e1000764 
(2010). 
7. D.J. Obbard et al., Philos. Trans. R. Soc. Lond. B Biol. Sci. 
364, 99 (2009). 
8. E. Billy et al., Proc. Natl. Acad. Sci. U.S.A. 98, 14428 
(2001). 
9. E.P. Murchison et al., Proc. Natl. Acad. Sci. U.S.A. 102, 
12135 (2005). 
10. H. Suet al., Genes Dev. 23, 304 (2009). 
11. P.J. Paddison, A. A. Caudy, G. J. Hannon, Proc. Natl. 
Acad. Sci. U.S.A. 99, 1443 (2002). 
12. C.S. Sullivan, D. Ganem, J. Virol. 79, 7371 (2005). 
13. G. Fabozzi et al., J. Virol. 85, 2512 (2011). 
14. M. Singh et al., Biochemistry 50, 4550 (2011). 
15. H.Y. Lee et al., Nucleic Acids Res. 41, 6568 (2013). 
16. G.J. Seo et al., Cell Host Microbe 10.1016/j.chom. 
2013.09.002 (2013). 


DAuBWNP 


10.1126/science.1245475 


11 OCTOBER 2013, VOL 342 SCIENCE www.sciencemag.org 


Published by AAAS 


CREDIT: H. MACDONALD/SCIENCE 


| REVIEW SUMMARY 


210 


Fueling Immunity: Insights into http doi org/10.1126/science.1242454 
Metabolism and Lymphocyte Function = cinerea: 


DOI: 10.1126/science.1242454 


Erika L. Pearce,* Maya C. Poffenberger, Chih-Hao Chang, Russell G. Jones* 


Background: Naive lymphocytes circulate in the body in a resting state, but upon recognition of | aRTICLE OUTLINE 

foreign antigen and receipt of proper costimulatory signals, these cells become activated, undergo ; . . : 

a rapid burst in proliferation, and assume effector functions aimed at controlling or killing the Differential Regulation of T Cell Metabolism 
invader. There is a growing appreciation that changes in peripheral T cell function are not only Metabolism of Proliferating Cells: Lessons 
supported by but are dependent on metabolic reprogramming and that specific effector functions from Tumor Metabolism 

cannot proceed without adopting the correct metabolism. However, the reasons underlying why T 
cells adopt specific metabolic programs and the impact that these programs have on T cell function 
and, ultimately, immunological outcome remain unclear. Future Challenges and Other Considerations 


Advances: Research into the metabolism of tumor cells has provided valuable insight into the Concluding Thoughts 

metabolic pathways important for cell proliferation and survival, as well as the influence of metabo- 

lites themselves on signal transduction and epigenetic programming. Many of these concepts have 

shaped how we view metabolism in T cells. However, it is important to note that, unlike tumors, 

T cells rapidly transition between resting catabolic states (naive and memory T cells) to one of growth _—‘T cell function and fate are dependent on meta- 

and proliferation (effector T cells) as part of a normal developmental program. In addition, as _ bolic reprogramming. As T cells differentiate during 

T cells differentiate during an immune response, they also move from what are presumably nutrient- 4" immune response, they move from what are pre- 

replete lymphoid organs to sites of cancer or infection, where oxygen, nutrients, and growth factors Su™ably nutrient-replete lymphoid organs to sites of 
says : . os : cancer or infection, where oxygen, nutrients, growth 

may become limiting. Thus, T cells must metabolically adapt to these changing conditions in order factors, and other signals may become limiting. These 

to perform their necessary functions. In this Review, we highlight emerging areas in the metabolism _ metabolically restrictive environments force T cells to 

of these dynamic cells and discuss the potential impact of metabolic control on T cell fate, plasticity, metabolically adapt in order to survive and perform 


Metabolites As Signaling Molecules 


and effector function. their necessary functions. 
Outlook: It is becoming increasingly clear 

that T cell function is intimately linked to Metabolically restrictive environment 
Rie ta De PrGorainiss alta: Seth MIEN (e.g. inflamed tissue, tumor, or infection) 


is a considerable and growing interest in 
developing techniques that target metabo- 
lism for immunotherapy. Studying metab- 
olism has often been difficult for the non- 
expert, because many of the experimental Lym phoid 
approaches require specialized instrumen- . 

tation that has not been widely available. tissue 
Furthermore, acquiring sufficient cellular 

material for ex vivo analyses, coupled with 

the inherent difficulty of assessing cellu- Nutrients 
lar metabolism in vivo during an immune 
response, presents substantial challenges \ 
to scientists studying the metabolism of ICR 
immune cells. Nevertheless, understand- ~ 
ing how environmental cues and cellular 

metabolism influence the outcome of T 

cell-mediated immune responses will be 

critical for learning how to exploit metab- O, —> 
olism to alter disease outcome. Overall, we 

are just beginning to understand the path- e f ; 
ways that regulate metabolism in lympho- 4 Proliferation 


e Differentiation 


cytes and how T cells adapt to changes in CD28 
their microenvironment, particularly in ZA e Migration 
vivo; this area of immunology is poised for Cytokines e Effector functions 


substantial advances in the years to come. 
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Fueling Immunity: Insights into 
Metabolism and Lymphocyte Function 
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Lymphocytes face major metabolic challenges upon activation. They must meet the bioenergetic 
and biosynthetic demands of increased cell proliferation and also adapt to changing environmental 
conditions, in which nutrients and oxygen may be limiting. An emerging theme in immunology 
is that metabolic reprogramming and lymphocyte activation are intricately linked. However, why 


T cells adopt specific metabolic programs and the impact that these programs have on T cell 
function and, ultimately, immunological outcome remain unclear. Research on tumor cell 
metabolism has provided valuable insight into metabolic pathways important for cell proliferation 
and the influence of metabolites themselves on signal transduction and epigenetic programming. 
In this Review, we highlight emerging concepts regarding metabolic reprogramming in 
proliferating cells and discuss their potential impact on T cell fate and function. 


of specialized cells conditioned to respond 

rapidly to “danger” signals such as foreign 
pathogens or inflammatory stimuli. T lymphocytes, 
or T cells, are sentinels of the adaptive immune 
system that respond to antigen-specific signals by 
blasting, proliferating, and differentiating into ef- 
fector subsets tailored to identify and eliminate 
threats to the host. Integrated into this program of 
activation is the regulation of cellular metabolism. 
Upon activation, T cells dramatically alter their 
metabolic activity to meet the increased meta- 
bolic demands of cell growth, proliferation, and 
effector function. Metabolism fundamentally un- 
derpins T cell function; thus, there is great interest 
in understanding how metabolic pathways influ- 
ence immune responses and ultimately affect 
disease progression. It should be noted that “metab- 
olism” refers to a complex network of biochemical 
reactions involved in energy production and mac- 
romolecular biosynthesis, and comprehensive 
coverage of such a broad topic is difficult. Several 
recent reviews have highlighted the molecular 
mechanisms that govern metabolic reprogram- 
ming in the immune system (/—3). This Review 
will focus on emerging areas in intermediary me- 
tabolism in lymphocytes and will discuss their 
potential impact on T cell fate, plasticity, and 
effector function. 


T= immune system is comprised of a series 


Differential Regulation of T Cell Metabolism 


Lymphocyte Metabolism Is 
Dynamically Regulated 


Maintenance of cellular bioenergetics is an essen- 
tial function of all living cells, and lymphocytes 
are no exception. In T lymphocytes, glucose is 
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a critical substrate for adenosine triphosphate 
(ATP) production (4). During glycolysis, glucose 
is broken down into two molecules of pyruvate. 
This process, which does not require oxygen, 
yields two reduced nicotinamide adenine di- 
nucleotide (NADH) molecules and two net ATP 
molecules per molecule of glucose. Pyruvate has 
two alternate fates. Most terminally differentiated, 
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nonproliferating cells can fully oxidize pyruvate 
in the tricarboxylic acid (TCA) cycle. This pro- 
cess generates NADH and reduced flavin adenine 
dinucleotide (FADH2), which the cell can use to 
fuel OXPHOS, an oxygen-dependent process that 
produces up to 36 molecules of ATP per glucose 
molecule. Alternatively, pyruvate can be trans- 
formed (or fermented) into lactate, regenerating 
NAD* for subsequent use in glycolysis (5). From 
a bioenergetic perspective, engaging OXPHOS 
maximizes the amount of ATP that can be de- 
rived from glucose. 

Bioenergetic profiling of T cells has revealed 
that T cell metabolism changes dynamically with 
activation state (Fig. 1). Upon antigen encounter, 
T cells become activated, undergo extensive pro- 
liferation, and differentiate into effector T cells 
(Terr); upon pathogen clearance, most Tyre cells 
die, leaving behind a small population of long-lived 
antigen-specific memory T cells (T),). Consistent 
with the metabolism of other nonproliferating cells, 
resting naive T cells (T cells that have not yet en- 
countered antigen) maintain low rates of glycol- 
ysis and predominantly oxidize glucose-derived 
pyruvate via OXPHOS or engage fatty acid oxi- 
dation (FAO) to make ATP. Upon activation, T 
cells switch to a program of anabolic growth and 
biomass accumulation to generate daughter cells, 
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Fig. 1. T cell metabolism changes over the course of an immune response. T cells display distinct 
metabolic profiles depending on their state of activation. Naive T cells (Ty, blue) are metabolically quiescent; 
they adopt a basal level of nutrient uptake and use OXPHOS as their primary pathway of ATP production. Upon 
immune challenge, Tere (green) cells shift to a state of metabolic activation characterized by increased nutrient 
uptake, elevated glycolytic and glutaminolytic metabolism, biomass accumulation, and reduced mitochondrial 
SRC. Tepe cells preferentially use glycolysis over OXPHOS for ATP production. Transition to the Ty (orange) stage 
is characterized by a quiescent metabolism, with increased reliance on FAO to fuel OXPHOS. Mitochondrial 
mass and SRC are elevated in Ty cells, suggesting that these cells are metabolically primed to respond upon 
reinfection. 
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which by definition dictates increased demand 
for ATP and metabolic resources. In this state, 
T cells are considered to be metabolically acti- 
vated (Fig. 1). T cell receptor (TCR) signaling 
directs the metabolic reprogramming of naive 
T cells. TCR ligation promotes the coordinated 
up-regulation of glucose and amino acid trans- 
porters (6-8), facilitating nutrient uptake and T cell 
blastogenesis. TCR-mediated up-regulation of 
the transcription factors c-Myc (9) and estrogen- 
related receptor a (ERRa) (/0) enhances the 
expression of genes involved in intermediary 
metabolism. In addition, catabolic pathways of 
ATP generation such as fatty acid B-oxidation 
are actively suppressed (9). The predominant 
metabolic phenotype of activated T cells is a shift 
to aerobic glycolysis [reviewed in (/)]. Both CD4* 
and CD8" Typr cells engage aerobic glycolysis, 
which is marked by the conversion of glucose- 
derived pyruvate to lactate despite the availability 
of oxygen for complete glucose oxidation. This 
process, also known as the Warburg effect from 
earlier work in cancer biology, is a common trait 
of actively proliferating cells (5). It is important 
to note that OXPHOS is still engaged in Trp 
cells (9); however, the production of lactate from 
pyruvate by aerobic glycolysis is the dominant 
pathway of glucose metabolism in Typr cells. Reg- 
ulating energy metabolism may provide a way 
for T cells to reversibly switch between quiescent 
and highly proliferative states (/2). 

As a quiescent T cell population, Ty, cells 
adopt a metabolic profile similar to that of naive 
T cells—a catabolic metabolism characterized 
by increased reliance on OXPHOS and lower 
rates of nutrient uptake and biosynthesis rela- 
tive to Typ cells (Fig. 1). However, Ty cells also 
display a characteristic increase in mitochondrial 
mass, which translates into greater mitochon- 
drial spare respiratory capacity (SRC) relative 
to naive or Tgp populations (/3). SRC can be 
viewed as the maximal respiratory capacity avail- 
able to a cell, much like the maximum speed that 
can be achieved by a car engine. Under increased 
workload, stress, or nutrient limitation, cells en- 
gage this reserve capacity to generate more en- 
ergy and promote cell viability (74, 75). We have 
recently shown that increased mitochondrial mass 
and SRC of Ty cells allows for rapid mitochon- 
drial ATP production upon TCR engagement, con- 
ferring a bioenergetic advantage to Ty cells upon 
secondary exposure to antigen (/6). From this 
vantage, Ty cells may be viewed as being meta- 
bolically primed, with mitochondrial metabolism 
fueling the rapid recall response to reinfection. 
The memory T cell—promoting cytokine interleu- 
kin (IL}-15 plays a key role in this catabolic switch 
by promoting mitochondrial biogenesis (/3). 

The mechanisms governing the transition of 
T cells from effector to memory states are still 
poorly understood, but recent work hints that 
changes in metabolism may influence this process. 
We previously demonstrated that mitochondrial 
FAO stimulated downstream of TNF (tumor ne- 
crosis factor) receptor—associated factor 6 (TRAF6) 
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is required for memory CD8" T cell development 
(17). Oxidation of free fatty acids (FFAs) gener- 
ates acetyl-coenzyme A (CoA), which can be 
metabolized further in the TCA cycle, as well as 
FADH ) and NADH, which can be used directly 
by the electron transport chain (ETC) to make 
ATP. FFAs are energy-dense molecules, and FAO 
may be a preferred fuel source for Ty, cells as 
they rely on OXPHOS-dependent metabolic pro- 
gram. Administration of metformin, a metabolic 
stressor that activates the energy sensor adenosine 
monophosphate-activated protein kinase (AMPK), 
enhances the generation of CD8" T cell memory 
(/7). One consequence of AMPK activation is the 
suppression of mammalian target of rapamycin 
complex 1 (mTORC1) activity in response to en- 
ergetic stress (18). Consistent with this, the drug 
rapamycin, which also inhibits mTORC1, enhances 
the generation of CD8* Ty cells (17, 19, 20). These 
observations suggest that manipulating the me- 
tabolism of antigen-specific cells during contrac- 
tion can influence the development of Ty, cells. 
Given these observations, T), formation may be 
influenced by a number of enzymes and trans- 
porters involved in fatty acid synthesis, desatu- 
ration, and oxidation, as well as the availability of 
FFAs to memory precursor cells. Some important 
players to consider in this regard include acetyl- 
CoA carboxylase (ACC2) (2), the mitochondrial 
lipid transporter CPT1A (/3, 22), and metabo- 
lites such as acetyl-CoA and malonyl-CoA (23). 
AMPK activation and mTOR inhibition are also 
both potent activators of autophagy, a catabolic 
process induced during starvation that promotes 
the degradation and recycling of cellular compo- 
nents [reviewed in detail in (24)]. Proper induction 
of autophagy has been shown to be important for 
the maintenance of cellular bioenergetics and 
sustained T cell viability after activation (25, 26). 
It will be interesting to determine whether autophagy, 
by coupling catabolic fuel supply to mitochon- 
drial metabolism, is important for Ty, formation 
after infection. 


Mitochondrial OXPHOS and T Cell Activation 


Although much focus has been placed on the 
shift toward glycolysis that accompanies T cell 
activation, evidence suggests that mitochondrial 
OXPHOS is also important for T cell activation. 
Oligomycin, a specific inhibitor of mitochondrial 
ATP synthase, can block the expression of early 
activation markers after TCR ligation and blunts 
subsequent T cell proliferation (27), suggesting 
that the naive-to-effector transition requires either 
de novo production of ATP by mitochondria or 
specific signals generated during mitochondrial 
ATP production. Mitochondrial-derived reactive 
oxygen species (ROS) may function as such a 
“bioenergetic” second messenger. There has long 
been evidence that ROS can play critical roles in 
shaping T cell responses (25-30). However, recent 
work suggests that mitochondrial ROS produced 
during OXPHOS is essential for T cell activation. 
T cells deficient for ubiquinol-cytochrome c re- 
ductase (Uqcrfs1), a component of complex III of 


the ETC, display impaired TCR-dependent ROS 
production and defects in antigen-specific prolif- 
eration (3/). Intracellular calcium (Ca”’) flux, an 
early event in TCR signal transduction, may pro- 
vide the functional link between TCR ligation, 
mitochondrial OXPHOS, and cell prolifera- 
tion. Uptake of Ca?* by mitochondria stimulates 
Ca”*-dependent dehydrogenases of the TCA cy- 
cle, driving mitochondrial NADH production and 
ATP production by OXPHOS during early T cell 
activation (32). T cells lacking the apoptosis reg- 
ulators Bax and Bak, which display defects in 
intracellular Ca?” homeostasis, exhibit reduced 
Ca**-dependent mitochondrial ROS production 
and T cell proliferation after TCR stimulation (33). 
Restoring Ca" signals in Bax/Bak-null T cells 
restores mitochondrial ROS production and T cell 
proliferation (33). Thus, although toxic in many 
biological settings, mitochondrial-dependent ROS 
may prime T cells and license full T cell activation. 


Metabolic Signatures Vary with 
Differentiation State 


Although the paradigm of T cell metabolism as 
summarized in Fig. 1 holds true with respect to 
activated versus quiescent states, the metabolic 
signature of T cells can also vary depending on 
differentiation state. This was first demonstrated 
by Michalek et al. (34), who determined that 
proinflammatory CD4" T helper (Ty) cells (Ty1, 
Ty2, and Ty17 lineages) displayed a strong bias 
toward glycolysis over mitochondrial metabo- 
lism, whereas induced CD4* T regulatory (Treg) 
lineage cells displayed a mixed metabolism in- 
volving glycolysis, lipid oxidation, and OXPHOS. 
In particular, T};17 cells display increased reliance 
on glycolysis for their development and main- 
tenance. T}17 cell development is promoted by 
hypoxia inducible factor—1a (HIF-1a) (35, 36), 
an oxygen-sensitive transcription factor that regu- 
lates glycolytic gene expression in Ty17 cells. 
Blocking glycolysis during Ty17 cell differen- 
tiation reduced the development of Ty17 cells 
and favored the formation of T,.gs (35). Added to 
this are recent results indicating that extracellular 
salt (NaCl) (37, 38) and short-chain fatty acids 
(39) can influence Ty17 and T,.g homeostasis, 
respectively. This raises the intriguing possibility 
that the metabolic microenvironment (i.e., nutri- 
ent and oxygen availability) can influence T cell 
polarization (to be discussed later). Determining 
whether the metabolic signature of differentiated 
T cells is simply a consequence of lineage-specific 
cytokine signaling or is instructive for T cell func- 
tion (i.e., essential for regulating T cell plasticity 
and/or effector function) remains a question for 
the field. Examining the influence of key meta- 
bolic regulators such as HIF-la, mTOR, and 
AMPK on T cell differentiation and plasticity will 
help in resolving these issues. 


Metabolism of Proliferating Cells: 
Lessons from Tumor Metabolism 


Research in cancer metabolism over the past 
10 years has increased our understanding of the 
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metabolic requirements of proliferating cells, as 
well as the metabolic alterations that promote 
tumor growth. One of the great innovations we 
have learned from the cancer metabolism field is 
that signaling pathways, or more specifically the 
oncogenes and tumor suppressors that comprise 
and regulate signal transduction pathways, can 
influence cellular metabolism as part of their pro- 
gram of action. The previous paradigm of meta- 
bolic regulation argued that metabolic pathways 
were exclusively controlled through allosteric 
regulation of metabolic enzymes, either by ATP 
levels or metabolites themselves (the reactive 
model) (40). One example of this is the glycolytic 
enzyme phosphofructokinase (PFK), which is 
inhibited allosterically by ATP and citrate (indi- 
cating a high energy state in the cell) and stimu- 
lated by AMP (indicative of low energy). Although 
allosteric regulation is important for regulating 
local flux through metabolic pathways, we now 
understand that activation of signal transduction 
pathways (such as phosphatidylinositol 3-kinase 
or Akt) by growth factor receptors stimulates 
global changes in metabolic flux independent 
of ATP levels. This allows a cell that receives a 
proliferative signal, such as a T cell activated 
through its TCR, to drive cellular metabolism 
above the capacity normally maintained in the 
quiescent state. Overall, metabolism in T cells 
is likely regulated at several levels: (i) TCR- 
mediated changes in the expression of metabolic 
genes facilitate the reprogramming required to 
match metabolic pathways to biological need; (11) 
signal transduction downstream of cell surface 
receptors (i.e., costimulatory molecules and cyto- 
kine receptors) serve to fine-tune flux through 
these metabolic pathways; and (ili) feedback 
inhibition and other forms of allosteric regula- 
tion can regulate metabolic flux through local 
nodes in the network. By directly influencing 
metabolic reprogramming, oncogenes and tumor 
suppressors gain control over the metabolic cur- 
rency of the cell, namely, energetic intermedi- 
ates (ATP, NAD‘/NADH, FAD*'/FADHp, and 
NADP*/NADPH) and metabolites involved in 
bioenergetic and biosynthetic reactions that in- 
fluence cell growth and survival. 

The implication of these findings for im- 
munologists is that metabolic pathways are indi- 
rectly connected to cell surface receptors of the 
immune system via signal transduction pathways. 
TCR/CD28 stimulation of T cells (6), the stimu- 
lation of surface immunoglobulin on B cells (41), 
and TLR stimulation of macrophages and den- 
dritic cells (DCs) (42, 43) all promote changes in 
aerobic glycolysis characteristic of the Warburg 
effect. These results likely just scratch the surface 
of the complex metabolic networks at work in 
proliferating cells. The challenge going forward 
will be to identify key pathways of metabolic flux 
integral for lymphocyte function. In this regard, 
research into tumor cell metabolism has provided 
valuable insight into the metabolic pathways im- 
portant for cell proliferation. Many of the meta- 
bolic pathways abnormally activated in cancer, 
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such as aerobic glycolysis, have been shown to 
play similar roles in normal lymphocyte phys- 
iology. Here, we highlight recent advances in 
intermediate metabolism observed in cancer that 
are likely to be relevant to T cell biology. 


The Warburg Effect: More than ATP Synthesis 


Rapid glucose processing promoted by the Warburg 
effect allows proliferating T cells to generate ATP 
quickly; glycolysis also generates metabolic in- 
termediates important for cell growth and prolif- 
eration (Fig. 2). Metabolism of glucose through 
the oxidative or nonoxidative arms of the pen- 
tose phosphate pathway (PPP) generates ribose- 
5-phosphate (Rib-5P), a key intermediate in 
nucleotide biosynthesis. The oxidative arm of the 
PPP also produces NADPH, the key metabolic 
currency for nucleotide and fatty acid biosyn- 
thesis. T cell activation promotes a rapid increase 
in glucose flux through the oxidative PPP (9). 
Dihydroxyacetone-phosphate (DHAP) is used to 
generate the glycerol backbone for glycerophos- 
pholipids, and 3-phosphoglycerate (3PG) is a key 
intermediate in both amino acid and nucleotide 
biosynthesis (discussed below). Pyruvate that 
is not converted to lactate can enter into the 
mitochondria and be converted into acetyl-CoA 
by the pyruvate dehydrogenase (PDH) complex. 
In proliferating cells, mitochondria adopt an ad- 
ditional role as a biosynthetic hub, converting 
pyruvate and other metabolites into metabolic 
intermediates involved in protein and fatty acid 
biosynthesis (44). 

One of the key metabolic intermediates for 
biosynthesis is acetyl-CoA. Acetyl-CoA has a 
central role in membrane biogenesis because it 
provides two-carbon units for fatty acid and iso- 
prenoid biosynthesis, as well as in other diverse 
processes such as protein prenylation and N- 
glycosylation (45). The flow of glucose to the 
cytosolic acetyl-CoA pool is regulated by using 
TCA cycle intermediates and a truncated TCA 
cycle (46). In this model, mitochondrial citrate 
is formed from condensation of oxaloacetate 
and acetyl-CoA, after which citrate is exported 
from the mitochondrion to the cytosol and con- 
verted back to acetyl-CoA by ATP citrate lyase 
(ACL) (47). Despite the availability of extra- 
cellular lipids for membrane biosynthesis, FFAs 
are generated de novo from glucose in prolifer- 
ating cells using this pathway (46). CD8+ T cells 
unable to engage acetyl-CoA—dependent lipid 
biosynthetic pathways display defects in antigen- 
driven blastogenesis and clonal expansion in re- 
sponse to pathogens (48). Acetyl-CoA can also 
influence metabolic flux through acetylation of 
metabolic enzymes (49, 50), reinforcing meta- 
bolic pathways such as glycolysis when carbon 
availability is high. Glucose availability and acetyl- 
CoA production can also influence epigenetics 
by regulating the cytosolic acetyl-CoA pools avail- 
able for histone acetylation reactions (5/), raising 
the prospect that glucose-dependent metabolic 
flux may help drive or reinforce T cell differentia- 
tion programs. 
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One consequence of using glucose-derived 
mitochondrial citrate for lipid biosynthesis is 
the potential depletion of TCA cycle intermediates. 
Oxaloacetate (OAA) is a rate-limiting substrate 
for acetyl-CoA entry into the TCA cycle. OAA 
generated from ACL-mediated cleavage of cyto- 
solic citrate can potentially cycle back into the 
mitochondria to maintain the TCA cycle. In- 
efficient cycling of this pathway would lead to 
cumulative depletion of mitochondrial OAA, 
leading to collapse of the TCA cycle and disrup- 
tion of mitochondrial function. One way tumor 
cells counter this is by engaging glutaminol- 
ysis, a metabolic shunt that converts gluta- 
mine into a-ketoglutarate (a-KG, also known as 
2-oxoglutarate) for use in the TCA cycle (Fig. 2). 
Glutamine has long been known as a key metab- 
olite for supporting T cell function (52). Recent 
evidence suggests that glutamine metabolism 
is as dynamically regulated in T cells as glucose 
metabolism. Glutamine transporters (SNAT1 
and SNAT2) as well as key glutaminolysis en- 
zymes (GLS, GPT, GOT, and GLUD) are up- 
regulated early after T cell activation similar to 
glycolysis genes (7, 9); several groups have cor- 
related these changes in gene expression to en- 
hanced glutaminolytic flux in lymphocytes (9, 53). 
Recently, it was found that engagement of the 
TCR leads to the expression of Slc7a5, an amino 
acid transporter that mediates the import of large 
neutral amino acids, such as leucine (8). Amino 
acid influx via this transporter is required for the 
activation of mTOR and expression of c-Myc and 
as such coordinates activation-induced metabolic 
reprogramming and differentiation of T cells. 
Thus, amino acids such as glutamine and leu- 
cine appear to play additional roles in T cell func- 
tion beyond protein biosynthesis and may directly 
influence T cell activation by regulating metabolic 
reprogramming. 


Control of Glycolytic Flux by Pyruvate 
Kinase M2 (PKM2) 


Pyruvate kinase (PK) is a key enzyme of the 
glycolytic pathway. It catalyzes the terminal re- 
action of glycolysis by promoting the conver- 
sion of phosphoenolpyruvate (PEP) to pyruvate 
(Fig. 2), and is one of two ATP-generating steps 
of glycolysis (the second is mediated by phos- 
phoglycerate kinase). The muscle version of PK 
exists as one of two isoforms, M1 or M2, gener- 
ated from differential splicing of the PKM primary 
mRNA transcript, with the PKM2 splice variant 
expressed in embryonic tissues, proliferating cells, 
and tumor cells (54). Naive T cells express both 
M1 and M2 isoforms at rest; mitogen-dependent 
activation promotes the rapid accumulation of 
the M2 isoform, which becomes the dominant 
isoform expressed in Tyr cells (55). PKM2 exists 
as either an inactive dimer or an active tetra- 
mer, and oscillation between these two states 
influences the ability of cells to maintain anabolic 
metabolism (56). 

Multiple lines of evidence point to a role for 
PKM2 in coordinating glycolytic flux and cell 
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Fig. 2. Metabolic pathways that support cell growth and proliferation. Glycolysis and the TCA cycle 
are two separate yet connected biochemical pathways that function to generate ATP as well as metabolic 
precursors for biosynthesis. Glucose is broken down to pyruvate by glycolysis (orange); pyruvate can be further 
oxidized by the TCA cycle in the mitochondrion. Glycolytic intermediates can be used to generate other 
metabolites required for growth and proliferation. Glucose 6-phosphate and 3PG produced from glycolysis are 
metabolized in the PPP (green) and the SBP (blue), respectively, providing important precursors for nucleotide 
biosynthesis. Similarly, acetyl-CoA, generated from glucose-derived citrate in the TCA cycle, can be used for 
lipid biosynthesis. OAA, produced as part of the TCA cycle, can be used to generate aspartate, another precursor 
for nucleotide synthesis. An alternate source of carbon for the TCA cycle occurs via glutaminolysis (purple); in 
this pathway, glutamine is converted to glutamate and then to a-KG, which joins the TCA cycle. Glutamine is 
also a precursor for amino acid and nucleotide biosynthesis. Key enzymes in these pathways are PHGDH; PKM2; 
LDHA, lactate dehydrogenase; PDH; GLS, glutaminase; SDH, succinate dehydrogenase; and FH. 


proliferation. Tumor cells engineered to exclusive- 
ly express the M2 isoform display increased lac- 
tate production characteristic of the Warburg effect 
and gain a growth advantage in vivo over M1- 
expressing tumors (57). Interestingly, the M2 iso- 
form is actually less efficient at converting PEP to 
pyruvate than the M1 isoform. Moreover, growth- 
factor—stimulated tyrosine phosphorylation of 
PKM2 further decreases its activity (58, 59). This 
prompts the question: Why would proliferating 
cells, including T cells, promote the expression of 
a pyruvate kinase isoform that is less efficient at 
generating ATP? The answer to this question 
may lie with the second function of Warburg 
metabolism, namely, supporting anabolic growth. 
Buildup of PEP because of reduced PKM2 ac- 
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tivity promotes the accumulation of glycolytic 
intermediates, which can then be shunted into 
upstream biosynthetic pathways to support amino 
acid, triglyceride, and nucleotide biosynthesis. 
Activating PKM2 by using small-molecule ago- 
nists increases PEP-to-pyruvate conversion, re- 
ducing the flux of glycolytic intermediates toward 
anabolic pathways and slowing tumor cell growth 
(56, 60). Thus, the ability of PKM2 to support cell 
proliferation may have less to do with ATP pro- 
duction and more with supporting biosynthetic 
pathways required for tumor cell growth. 
PKM2 may also exert some of its effects on 
cell proliferation through nonmetabolic functions, 
including transcriptional and epigenetic regu- 
lation (6/, 62). Of particular interest to immu- 


nologists is that PKM2 can phosphorylate signal 
transducer and activator of transcription 3 (STAT3) 
at Tyr””®, promoting increased STAT3-dependent 
transcription (63). The phosphorylation of STAT3 
by PKM2 demonstrates that PKM2 possesses 
both protein and pyruvate kinase activities, the 
former using PEP as a phosphate donor rather 
than ATP. The protein kinase activity of PKM2 
(and any subsequent effects on STAT3 activity) 
would be predicted to be sensitive to metabolic 
flux, favored under high-glycolysis PEP condi- 
tions and antagonized by low-energy high-ADP 
concentrations. The development of mouse mod- 
els to study the impact of PKM2 activity in vivo 
will be important for elucidating the role(s) of 
PKM2 in immune function. 


The Serine Biosynthesis Pathway 


Another glycolytic intermediate that can double 
as an anabolic precursor is 3PG. 3PG is the start- 
ing point for the glucose-dependent biosynthesis 
of serine and glycine via the serine biosynthesis 
pathway (SBP) (Fig. 3A). Key enzymes of the SBP 
are phosphoglycerate dehydrogenase (PHGDH), 
the rate-limiting step for serine biosynthesis, 
and serine hydroxymethyltransferase (SHMT), 
which uses serine as a methyl donor to convert 
tetrahydrofolate (THF) to methylene-THF, gen- 
erating glycine in the process. Methylene-THF is 
a key intermediate in folate-mediated one-carbon 
metabolism that fuels nucleotide biosynthesis and 
methylation reactions. Serine is also an allosteric 
activator of PKM2 (64) and thus provides feed- 
back to the glycolytic pathway to regulate 3PG 
levels and serine biosynthesis. 

In mammals, serine and glycine are non- 
essential amino acids and are widely abundant 
in serum (and tissue culture medium). However, 
glucose-dependent serine biosynthesis is actively 
engaged in some tumors regardless of serine 
abundance. Amplification of PHGDH has been 
observed in breast cancer and melanoma (65), 
and increased PHGDH expression can promote 
both enhanced serine biosynthesis and the pro- 
liferation of cancer cells (65, 66). Enhanced flux 
through the SBP may confer a growth advantage 
to tumor cells beyond providing increased serine 
and glycine for biosynthetic reactions. First, 
PHGDH produces NADH, which can be used 
to maintain cytosolic redox balance or fuel 
mitochondrial OXPHOS to make ATP. The 
second step of the pathway, the conversion of 
3-phosphohydroxypyruvate to 3-phosphoserine 
by phosphoserine aminotransferase (PSAT), re- 
quires glutamate and produces a-KG (Fig. 3A) 
(66). Thus, the SBP may promote an alternate 
pathway of a-KG production for mitochondrial 
metabolism or promote the activity of a-KG— 
dependent enzymes (to be discussed later). Last, 
serine and glycine are both intermediates in the 
production of reduced glutathione (GSH), a key 
cellular antioxidant. Recent evidence indicates 
that cancer cells actively produce GSH from glu- 
cose via the SBP as a buffer against oxidative 
damage (67). The expression of SBP enzymes is 
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up-regulated in Myc-driven lymphomas (68); thus, 
we hypothesize that Typ cells may actively en- 
gage the SBP upon activation, even in the pres- 
ence of exogenous serine. Future investigation 
will be needed to determine how the SBP in- 
fluences T cell biology. 


Reductive Carboxylation of a-KG 


As mentioned previously, it is now appreciated 
that in proliferating cells the TCA cycle functions 
as a source of biosynthetic precursors in addition 
to its role in ATP production (46). Carbon enters 
the TCA cycle primarily at one of two entry points: 
(i) the condensation of glucose-derived acetyl- 
CoA with OAA to generate citrate and (ii) con- 
version of glutamine to o-KG via glutaminolysis 
(Fig. 3B). Carbon-tracing experiments using pro- 
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liferating glioblastoma cells have established that 
both glucose and glutamine contribute to mito- 
chondrial citrate pools and subsequent lipid syn- 
thesis (69). The oxidative decarboxylation of 
isocitrate to a-KG by isocitrate dehydrogenase 
(IDH) is highly favored thermodynamically, such 
that this reaction is believed to be irreversible and 
the reason for the “clockwise” flow of metabolic 
intermediates through the TCA cycle. 
Groundbreaking new work suggests that 
metabolite flow through biochemical pathways 
does not always conform to conventional dogma. 
Although oxidation of glutamine-derived a-KG 
in the TCA cycle serves as a minor source of 
lipogenic acetyl-CoA under normal growth con- 
ditions, o-KG can be converted to citrate through 
reductive carboxylation under conditions of stress 


Methylene-THF 
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Fig. 3. Serine biosynthesis and reductive carboxylation are anabolic pathways that support cell proliferation. 
(A) The SBP converts glucose-derived 3PG into serine and glycine, which are precursors for lipid and nucleotide 
biosynthesis. Serine is also involved in folate-mediated one carbon metabolism by acting as a methyl group donor for THF 
to methylene-THF conversion. Key enzymes in this pathway are PHGDH, PSAT, and SHMT. (B) Reductive carboxylation is an 
alternate pathway of glutamine metabolism in which glutamine-derived o-KG is converted to citrate through reverse TCA 
cycle flux. Under conditions of hypoxia or mitochondrial dysfunction (right), isocitrate dehydrogenase (IDH1 in cytosol, 
IDH2 in mitochondria) uses CO2 and NADPH to convert a-KG into isocitrate. Citrate produced downstream of this reaction 
is converted into cytosolic acetyl-CoA without passing through the conventional clockwise steps of the TCA cycle. Acetyl- 
CoA generated by this pathway can function as a precursor for fatty acid synthesis. o-KGDH, o—KG dehydrogenase. 
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such as hypoxia or mitochondrial 
dysfunction (70-72). In this reac- 
tion, glutamine-derived a-KG is 
carboxylated, rather than decarbox- 
ylated, by IDH1 (in the cytosol) or 
IDH2 (in mitochondria) to generate 
citrate (Fig. 3B). This switch to re- 
ductive versus oxidative metabo- 
lism of a-KG is regulated in part by 
HIF-1lo (7/, 72), although the exact 
mechanism by which HIF-1a does 
so remains unclear. Engaging reduc- 
tive carboxylation of a-KG in es- 
sence bypasses the conventional TCA 
cycle by using glutamine to gener- 
ate the acetyl-CoA required for fatty 
acid synthesis (Fig. 3B). Under such 
metabolic reprogramming, cancer 
cells continue to use glycolysis for 
ATP production but switch from glu- 
cose to glutamine as the major li- 
pogenic precursor. 


Glycine 


22 One implication of this work is 


that tumor cells display a high de- 
gree of metabolic plasticity and can 
adapt their metabolism to support 
proliferation and viability under fluc- 
tuating environmental conditions. 
Whether T cells display similar meta- 
bolic flexibility in response to en- 
vironmental cues requires further 
investigation. The work from Metallo 
and colleagues (7/) suggests that 
T cells can use reductive glutamine 
metabolism for fatty acid biosyn- 
thesis under hypoxic conditions. 
Physiologic oxygen tension varies 
significantly between tissues, and hy- 
poxic regions can be detected in the 
bone marrow, thymus, and spleen 
(73). Moreover, T cells are likely to 
experience hypoxia at sites of tissue 
inflammation (74). Stabilization of 
HIF-lo and metabolic reprogram- 
ming to favor reductive carboxylation 
may help T cells maintain prolif- 
eration and/or effector function at 
hypoxic inflammatory sites. HIF-la 
protein expression has also been observed early 
after T cell activation (75), so it is unclear whether 
reductive carboxylation may also be engaged as 
part of the normal program of T cell expansion. 
As mentioned, HIF-1a has been implicated in the 
differentiation of both proinflammatory T)17 
cells (35, 36) and CD4*FoxP3* Tyeg cells (76). It 
is tempting to speculate that this alternate path- 
way of glutamine metabolism may influence the 
expansion or phenotypic stability of these T cell 
subsets. 


Metabolites As Signaling Molecules 

Cancer genome sequencing efforts yielded an un- 
expected discovery in 2008 with the identifica- 
tion of somatic mutations in a metabolic enzyme, 
the TCA cycle enzyme IDH1, in glioblastoma 


1242454-5 


REVIEW 


multiforme (GBM) (77). Mutations in IDH1 
presented at significant frequency (~12% of 
GBM patients) with high frequency of missense 
mutations targeting an arginine residue in the 
active enzyme site (Arg'**), This mutation alters 
the enzymatic ability of IDH1, allowing it to con- 
vert a-KG to 2-hydroxyglutarate (2-HG) rather 
than promote normal isocitrate-to—o-KG inter- 
conversion (78). In the cancer setting, 2-HG has 
been shown to influence a number of biological 
processes, including cell differentiation, DNA 
methylation, and histone methylation (79-82), 
leading to its classification as an oncometabo- 
lite. These results have shifted thinking in cancer 
biology to consider that specific metabolites may 
also act as signaling molecules to influence cell 
physiology. Given certain similarities between 
metabolic programming in tumor cells and pro- 
liferating T cells, it stands to reason that metab- 
olites will participate in T cell signaling as well. 
Some examples of how metabolites shape T cell 
function and fate through metabolic pathways are 
discussed in detail here. 


Regulation of LKB1-AMPK Signaling 

by Adenylates 

ATP is the primary carrier of chemical energy 
in the cell and essential for life. Thus, adenylates 
[ATP, adeonsine diphosphate (ADP), and AMP] 
are important units of cellular metabolic cur- 
rency. In mammalian cells, fluctuations in cel- 
lular energy are monitored by the heterotrimeric 
AMPK complex [reviewed in (83)]. ATP, ADP, 
and AMP compete for nucleotide-binding sites of 
the y regulatory subunit of AMPK, with AMP 
(low energy) promoting and ATP (high energy) 
antagonizing AMPK activation. As such, AMPK 
functions as a sensor of the cellular adenylate 
energy charge (84, 85). Elevation of the cellular 
AMP:ATP ratio leads to increased phosphoryl- 
ation of AMPK at Thr!” of its activation loop by 
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Fig. 4. Metabolites can influence signal transduction. (A) The AMPK path- 
way is influenced by adenylate concentration. AMPKa is activated by phospho- 
rylation on Thr?” of its activation loop by the kinases LKB1, TAK1, or CaMKKB. 
LKB1 promotes enhanced AMPK phosphorylation under a high AMP:ATP ratio. 
One biological output of AMPK activity is the inhibition of mRNA translation 
under low-energy conditions through inhibition of mTORC1 activity. (B) o-KG— 
dependent enzymes (in yellow) are a class of enzymes regulated by TCA cycle 
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the kinase LKB1 (Fig. 4A). AMPK can also be 
activated by Ca*" (via CamKKB) and the cyto- 
kine transforming growth factor-B (TGF-B) (via 
TAK1), although LKB1 appears to be the sole 
kinase that couples adenylate binding to AMPK 
activation. 

Together LKB1 and AMPK function as part 
of an evolutionarily conserved energy-sensing 
pathway that maintains cellular energy balance 
by promoting catabolic pathways of ATP pro- 
duction and limiting processes that consume 
ATP. Protein synthesis is one of the most energy- 
consuming processes in the cell, accounting for 
~20% of cellular ATP consumption (86). As men- 
tioned, AMPK antagonizes mRNA translation 
through negative regulation of mTORC!1 (Fig. 4A) 
(/8). By regulating AMPK activity, adenylates di- 
rectly influence pathways of energy usage in the 
cell. As ATP levels drop, AMP binds to AMPK, and 
AMPK is switched on to promote ATP production 
and block its consumption; once ATP homeostasis 
has been reestablished, increased binding of ATP 
to AMPK shuts off the kinase. 

Recent work indicates that LKB1-AMPK sig- 
naling can influence T cell metabolism and func- 
tion. Lymphocytes exclusively express the al 
catalytic subunit of AMPK (87), and TCR stim- 
ulation promotes LKB 1-dependent AMPK acti- 
vation in lymphocytes (87, 88). Glycolysis is 
enhanced in resting AMPKo-deficient T cells 
(88), consistent with observations that silencing 
AMPK in tumor cells promotes the Warburg ef- 
fect (89). Loss of LKB1-AMPK signaling pro- 
motes increased mTORC1 activity in both naive 
and Tprr cells (88, 90), which in turn facilitates 
production of the Ty1 cytokine interferon-y (IFN-y) 
by Tgp cells (88). Thus, LKB1 and AMPK act 
in concert to limit the anabolic growth of T cells 
by suppressing glycolysis and mTOR-dependent 
biosynthesis. Perhaps not surprisingly, deletion 
of either LKB1 or AMPKa1 disrupts normal lym- 


phocyte homeostasis, resulting in an accumulation 
of activated (CD44 CD62L") CD8* T cells in 
animals (88). These results suggest that cellular 
adenylate levels and AMPK may help regulate 
lymphocyte pools in the whole organism. 

Why would a signaling pathway that nor- 
mally monitors cellular energy levels regulate 
T cell function? Similar to tumor cells (97), AMPK 
may regulate a metabolic checkpoint in T cells, 
acting as a brake on lymphocyte expansion when 
energy conditions are poor. Terr cells with de- 
fective AMPK signaling would be freed from 
these metabolic checkpoints and continue to 
proliferate and produce cytokines as if cellu- 
lar bioenergetics were suitable to support T cell 
function. Additionally, AMPK may regulate the 
metabolic plasticity of lymphocytes, coordinating 
metabolic changes in response to nutrient fluc- 
tuation and allowing T cells to survive changes in 
their environment. As evidence for this, the AMPK 
agonist metformin, which promotes FAO in acti- 
vated T cells, enhances the production of CD8* 
memory T cells in vivo (/7). Furthermore, it was 
recently shown that AMPK-deficient T cells are 
defective in their ability to generate CD8* mem- 
ory T cells during infection (92). There is also a 
growing body of evidence implicating AMPK in 
the control of inflammation (3). Future work will 
focus on the role of AMPK in regulating the meta- 
bolic fitness of lymphocytes, dissecting LKB1- 
and AMPK-specific effects on immune function 
and investigating the role(s) of LKB1 and AMPK 
in regulating inflammation in vivo. 


Regulation of a-Ketoglutarate-Dependent 
Enzymes by TCA Cycle Metabolites 

Although TCA cycle metabolites play central roles 
in energy metabolism, many function as chemical 
intermediates in other biological reactions. For 
example, fumarate can be used to chemically 
modify cysteine residues of proteins, resulting 
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in the formation of S-(2-succinyl)cysteine or 
succinylation of these residues (93). Cancer cells 
harboring mutations in fumarate hydratase (FH), 
the TCA cycle enzyme that converts fumarate to 
malate, accumulate intracellular fumarate and 
display increased amounts of succinylated proteins 
(94). Increased protein succinylation has been as- 
sociated with renal carcinoma and mechanistically 
can influence signal transduction pathways similar 
to protein phosphorylation or acetylation (95). 

a-KG is another key metabolite involved in 
non-TCA cycle biochemical reactions. o-KG is 
essential for the activity of a class of enzymes 
known as o-KG—dependent dioxygenases (Fig. 
4B). These enzymes use o-KG along with mole- 
cular O, iron, and ascorbate to modify target 
proteins (96). The most extensively characterized 
enzymes of this family are the HIF prolyl hy- 
droxylases (PHDs). PHDs use O, to hydroxylate 
HIF-1a on two conserved proline residues, facil- 
itating their recognition by the E3 ubiquitin li- 
gase VHL and promoting HIF-1a degradation 
by the proteosome. When O) availability is low, 
HIF-la protein is stabilized because of reduced 
PHD activity, resulting in increased HIF-lo-— 
dependent transcription (97). This regulatory cir- 
cuit allows HIF-lo to promote glycolytic ATP 
production when O, cannot support mitochon- 
drial OXPHOS, an example of metabolic adap- 
tation in response to environmental conditions. 
Other o-K G—dependent enzymes using this chem- 
istry are the TET family of DNA hydroxylases, 
which hydroxylate 5-methylcytosine residues to 
promote DNA demethylation, and the Jumonji C 
(JmjC) class of histone demethylases (Fig. 4B). A 
detailed summary of these processes has recently 
been reviewed (98). 

The activity of a-KG—dependent enzymes is 
directly affected by the abundance of TCA cycle 
intermediates. For example, 2-HG acts as a com- 
petitive inhibitor of o-KG, and its production by 
mutant IDH1 consumes a-KG (8/, 99), leading 
to reduced TET2 and JmjC activity in tumor cells 
(79, 80). High levels of succinate and fumarate 
can inhibit PHD2 activity through product- 
mediated inhibition of PHD function, leading to 
HIF-lo protein stabilization under normoxic 
(20% Oz) conditions (/00, 101). Additionally, 
total abundance of a-KG is low in most cell 
types. The implication of these findings is that 
metabolic flux through the TCA cycle can affect 
gene transcription and/or epigenetic programs. It 
was recently shown that succinate plays a central 
role in production of the cytokine IL-1 by lipo- 
polysaccharide (LPS)-stimulated macrophages 
(102). LPS induces the de novo production of 
succinate from glutamine, leading to PHD in- 
hibition, stabilization of HIF-1o, and increased 
HIF-1o—dependent IL-18 production. Mutant 
IDH2 [Arg'*°>Gin'*° (R140Q)], which promotes 
a-KG depletion/2-HG production, promotes DNA 
hypermethylation in hematopoietic cells and can 
inhibit myeloid differentiation when overexpressed 
in bone marrow stem cells (79). Differentiation of 
T cells to specific Ty lineages is driven by spe- 
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network between RNA, enzymes, and metabolites can potentially influence T cell fate and function. 


cific transcription factors but reinforced by epi- 
genetic modifications on histone tails (H3K4 and 
H3K27 trimethylation) and DNA methylation of 
CpG dinucleotides (/03). Differential TCA cycle 
flux or buildup of intermediates such as succinate 
or fumarate may influence the activity of a-KG— 
dependent enzymes that regulate T cell epigenetics. 
This may be one way in which the environment 
(O>, nutrient levels) can influence the plasticity of 
Ty lineages at sites of infection or inflammation 
in vivo. Thus, much like the role of oncometab- 
olites in tumorigenesis, studying the metabolism 
of T cell responses may reveal the existence of 
“immunometabolites” that influence T cell re- 
sponses and inflammation. 


Connecting Metabolism and Gene Regulation 


A transformative conceptual change in the way 
we consider metabolism within cells is that changes 
in metabolism can be linked to changes in gene 
expression through posttranscriptional regulatory 
networks involving RNA, metabolites, and meta- 
bolic enzymes “moonlighting” as RNA binding 
proteins and regulating specific target mRNAs 
(104) (Fig. 5). Many enzymes, including those 
connected with the TCA cycle, glycolysis, PPP, 
fatty acid metabolism, and other pathways, have 
been shown to bind RNA in vitro and in cultured 
cells (105, 106). In addition, the RNA binding 
function of enzymes can be influenced by inter- 
actions with their metabolites or cofactors, illus- 
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trating how the metabolic state of the cell can 
control an enzyme’s RNA binding function. 

The metabolic enzyme perhaps best char- 
acterized for its physiological role as an RNA 
binding protein is cytosolic aconitase (107, 108), 
a key regulator of cellular iron metabolism (/09). 
In the early 1990s, it was shown that cytosolic 
aconitase and the RNA binding protein IRP-1 
represent the same polypeptide and that the avail- 
ability of iron triggers insertion or removal of an 
iron sulfur cluster—switching the protein’s func- 
tion between RNA binding activity (iron low, 
IRP-1) and metabolic enzyme activity (iron high, 
aconitase) (//0). Remarkably, IRP-1 binds to and 
regulates mRNAs encoding proteins that func- 
tion in iron homeostasis. Work from this group 
and others has led to the idea that bifunctional 
enzymes and RNA binding proteins may repre- 
sent a general mechanism of how metabolism 
and gene expression are coordinated through 
RNA/enzyme/metabolite (REM) networks [pro- 
posed by Hentze and Preiss in (/04)]. 

Lending weight to the REM network hy- 
pothesis is a recent study showing that the en- 
zyme glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), by engaging or disengaging the gly- 
colysis pathway and through fluctuations in its 
expression, regulates the posttranscriptional pro- 
duction of IFN-y by T cells (27). GAPDH is a 
multifunctional enzyme that can bind a range 
of RNAs, including AU-rich regions in the 3’ 
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untranslated region (UTR) of cytokine mRNAs, 
including IFN-y and IL-2 (///). Activated T 
cells can use either OXPHOS or glycolysis to 
generate energy to support proliferation and sur- 
vival. When T cells switch between these ATP- 
generating programs, as can occur with changes 
in nutrient availability, or costimulatory or growth 
factor signals, GAPDH switches from its function 
as a metabolic enzyme (glycolysis) to its function 
as an RNA binding protein controlling expression 
of immunomodulatory factors. When GAPDH 
is not engaged in glycolysis and OXPHOS is used 
for ATP production, it binds the 3'UTR of cy- 
tokine mRNAs, and translation of these mRNAs 
is dampened. Thus although OXPHOS can sup- 
port T cell survival and proliferation, only aerobic 
glycolysis can facilitate full effector status. This 
regulatory mechanism provides a checkpoint to 
allow for uncoupling of T cell proliferation and 
survival from cytokine production. This is a de- 
sirable control mechanism over effector func- 
tion, because T cells are required to undergo both 
homeostatic proliferation, when IFN-y produc- 
tion is neither required nor desirable, and antigen- 
driven proliferation during an immune response, 
when effector cytokine production is essential. 

The activity of GAPDH is not only con- 
trolled by pathway engagement as dictated by 
substrate availability but is also heavily influenced 
by redox balance within the cell. For example, 
GAPDH requires NAD" for its enzymatic func- 
tion, but NAD“ also interferes with mRNA bind- 
ing, at least in vitro (//2). Thus, NAD* controls 
both enzyme activity and RNA binding in a mu- 
tually exclusive fashion. Metabolic enzymes that 
regulate NAD'/NADH balance, including LDHA 
and PHGDH, may also influence this process. 
Redox changes may also affect posttranslational 
modifications of GAPDH, altering its binding to 
mRNA, metabolites, as well as its localization 
within the cell (1/3, 1/4). This level of regulation 
between redox balance and RNA binding would 
be expected to occur with other RNA binding 
enzymes that share similar dinucleotide binding 
motifs with GAPDH. Although much work needs 
to be done to fully understand the biological im- 
portance of the interactions between enzymes, 
RNA, and metabolites, these observations clearly 
demonstrate how cofactors and substrates gen- 
erally considered for their direct effects on me- 
tabolism may also coordinate metabolism with 
gene expression. 


Future Challenges and Other Considerations 


Technical Challenges in Studying 
Lymphocyte Metabolism 


Although interest in studying lymphocyte metab- 
olism and technological advances in metabolomics 
have increased over the past several years, the 
field faces many challenges going forward. For 
instance, although equipment for studying basic 
metabolism (i.e., oxygen consumption and proton 
production) is becoming more commonplace, 
specialized equipment for metabolite measure- 
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ments [i.e., mass spectrometry (MS), nuclear 
magnetic resonance (NMR) spectroscopy] and 
analytical expertise is not routinely accessible 
to investigators. Another limitation is that, un- 
like microarray or sequencing technologies, 
metabolomic analyses do not adhere to a single 
global platform. For example, gas chromatography 
coupled to MS (GC-MS) is effective at quantify- 
ing organic acids such as TCA cycle inter- 
mediates but not most glycolytic intermediates. 
Thus, multiple platforms must be used to gen- 
erate complete metabolite data sets. Current ex- 
traction methods do not allow for the measurement 
of subcellular metabolite pools, so information 
on metabolite localization or channeling between 
organelles is also lost. One caution of measuring 
steady-state metabolite levels is that these data 
provide no measurement of metabolite flux, that 
is, the speed or direction of metabolite flow through 
a given pathway (//5). Metabolic flux analysis 
using isotopically labeled metabolites such as '°C- 
glucose or '*C-glutamine will be essential for 
delineating pathways of metabolite flow in T cells. 

Perhaps the most relevant challenge for im- 
munologists is the amount of material required 
for metabolomic analysis. Because of advances 
in flow cytometry and the identification of new 
biomarkers to define T cell subsets, immunology 
has entered an era of cellular subspecialization, 
where rare cell populations are readily character- 
ized. In comparison, a typical metabolic flux ex- 
periment requires millions of cells. This raises 
the issue of having limited material to analyze 
the metabolism of cells grown in vitro, let alone 
in vivo. The development of instrumentation with 
increased sensitivity will help reduce this gap, but 
better sample preparation and techniques to am- 
plify metabolite signals are badly needed. The 
development of genetically encoded fluorescent 
biosensors for metabolic activity, such as those 
recently developed for NADH (//6) and cellular 
energy charge (//7), will be particularly power- 
ful for studying T cell metabolism at the single- 
cell level. 


Microenvironmental Effects on Metabolism: 
Are Our Model Systems Correct? 


One of the ongoing questions regarding current 
experimental models in immunology is how close- 
ly cell culture models recapitulate immune re- 
sponses in vivo. From a metabolic perspective, 
one can conclude that the two systems are worlds 
apart. Activated T cells cultured in standard me- 
dium (Iscove’s modified Dulbecco medium plus 
10% serum) experience 25 mM glucose (five 
times standard blood glucose of 5 mM), 4 mM 
glutamine (eight times the standard concentration 
of 0.5 mM in blood), and 20% O, [two to four 
times the oxygen tension in blood, which varies 
depending on tissue type (73)]. Most in vitro as- 
says to assess T cell function are performed at 
nutrient and O, levels much higher than seen in 
normal physiology; these conditions model a hy- 
perglycemic and hyperoxic environment never 
seen in vivo. 


As Terr cells move from a nutrient-replete 
environment in the lymph node or spleen to dis- 
tant sites of infection, they are likely to experi- 
ence more restrictive metabolic environments 
(Fig. 6). Some tissue sites, such as the thymus, 
bone marrow, and the gastrointestinal epithelium, 
are naturally hypoxic, whereas inflammation can 
promote local hypoxic regions in tissues (73). 
Unlike O5, which can freely diffuse into tissues, 
nutrients such as glucose move through space by 
Brownian motion and require transport into cells, 
and thus they are likely to have a much more 
restricted distribution in tissues. Local metabolic 
activity of immune cells at the site of infection 
can rapidly consume available O, and nutrients, 
resulting in metabolic stress for infiltrating T cell 
populations (Fig. 6). There is evidence that Tp 
cells in the tumor microenvironment compete 
with tumor cells for available glucose, and this 
competition model of nutrient restriction limits 
the ability of Typ cells to produce effector cy- 
tokines such as IFN-y (27). Thus, metabolic 
and environmental influences on T cell function 
in vivo may elicit very different responses and 
may account for experimental variance between 
T cell responses in a petri dish versus what is 
observed in animal models. Although these points 
provide sobering food for thought, the develop- 
ment of in vitro methods that control metabolic 
parameters (e.g., hypoxia incubators, perfusion 
systems for culture medium) may help to recon- 
cile these differences. Studying metabolite flux 
of T cells in vivo by using isotopomer labeling 
techniques will further our understanding of meta- 
bolic pathways relevant for T cell function. These 
techniques are currently being developed in the 
cancer biology field (//8, 1/9) and should be 
readily transferable to immunology research. 

If activated T cells frequently transition be- 
tween nutrient-replete states (lymph nodes) and 
nutrient-deficient states (sites of infection), then 
management of metabolic resources is an impor- 
tant consideration for lymphocytes in order to 
ensure maintenance of proliferation and/or ef- 
fector function. Metabolic insufficiency may be a 
fundamental mechanism by which environmen- 
tal context regulates T cell function, potentially 
influencing T cell tolerance and anergy. Metabolic 
interference mechanisms, such as indoleamine 
2,3-dioxygenase (IDO)—1—dependent degradation 
of tryptophan by antigen presenting cells (APCs), 
may represent key regulatory mechanisms at sites 
of infection or inflammation (/20). Tumors may 
similarly restrict antitumor immunity by influ- 
encing T cell metabolism. Competition between 
tumor cells and tumor-infiltrating T cells for 
available glucose can impose nutrient deprivation 
on Terr cells that limits their ability to produce 
effector cytokines (27). Tumor-derived lactate can 
also suppress CTL function directly by blocking 
lactate export by T cells, thus disrupting their 
ability to maintain glycolysis (/2/). 

It remains to be determined whether T cells 
deal with nutrient restriction by displaying meta- 
bolic plasticity similar to tumor cells. In this con- 
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Opposite Feedbacks in the Hippo 
Pathway for Growth Control and 
Neural Fate 


David Jukam,* Baotong Xie,* Jens Rister,* David Terrell, Mark Charlton-Perkins, Daniela Pis- 
tillo, Brian Gebelein, Claude Desplan,* Tiffany Cookt 


Introduction: A finite number of signaling pathways are repurposed during animal development to 
regulate an extraordinary array of cellular decisions. Elucidating context-specific mechanisms is crucial 
for understanding how cellular diversity is generated and for defining potential avenues of pathway mis- 
regulation during disease. The Hippo tumor suppressor pathway has been primarily studied in growth 
control where it inhibits the oncogenic transcriptional coactivator Yorkie (Yki) (YAP/TAZ in vertebrates). 
The Hippo pathway also functions in nongrowth contexts such as postmitotic fate specification. In the 
Drosophila visual system, R8 photoreceptor neurons terminally differentiate into one of two alternative 
subtypes that express either blue-light-sensitive Rhodopsin5 (Rh5) or green-light-sensitive Rhodop- 
sin6é (Rh6é). These mutually exclusive cell fates are established by the Hippo pathway kinase warts and 
the growth regulator gene melted, which repress each other's expression. However, the mechanisms 
underlying the context-specific use of the Hippo pathway in postmitotic fate decisions remain unclear. 


Methods: To define the regulatory mechanisms of Hippo-dependent cell fate decisions in Drosophila 
photoreceptor neurons, we used a combination of genetic epistasis analyses, in vivo cis-regulatory 
studies, a candidate gene RNA interference screen, and cell culture—based transcription assays. 


Results: We show that the transcriptional output of the Hippo pathway in photoreceptor differentiation, 
as in cell proliferation, is mediated through the factors Yki and Scalloped. In contrast to growth control, 
where Yki limits its own activity by negative feedback, we identify two Yki positive-feedback mecha- 
nisms: In blue-sensitive Rh5 photoreceptors, Yki represses its own negative regulator warts, downstream 
of melted; Yki also promotes melted expression, which subsequently represses warts to further promote 
Yki function. Yki cooperates with the transcription factors Orthodenticle (Otd) and Traffic Jam (Tj) to 
promote melted expression and Rh5 photoreceptor fate. Otd and Tj, othologs of the mammalian OTX/ 
CRX and MAF/NRL transcription factors, form an evolutionarily conserved transcriptional module for 
generating photoreceptor subtype diversity. We also show that the transcription factors Senseless and 
Pph13 create a permissive environment for Warts/Hippo signaling to promote the alternative “default” 
green-sensitive Rhé fate. Hence, Hippo pathway function integrates with four cell-type—restricted tran- 
scription factors, each promoting genetically different aspects of R8 subtypes, such that Yki activity 
ultimately coordinates the binary fate decision between blue- and green-sensitive photoreceptors. 


Discussion: This work illustrates how molecular signaling pathways can adopt context-specific regu- 
lation. Yki positive feedback in the photoreceptor fate decision is opposite to the negative feedback 
found in Hippo growth control. These distinct network-level feedback mechanisms provide context- 
appropriate functions: homeostasis to fine-tune growth regulation and an all-or-nothing fate decision 
to ensure robust differentiation of sensory neuron subtypes. 
Altering network-level systems properties, such as positive or 
negative feedback, within biochemically conserved pathways 
may be broadly used to co-opt signaling networks for use in 
cellular contexts as distinct as proliferation and terminal dif- 
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FIGURES IN THE FULL ARTICLE 


Fig. 1. Yki and Sd instruct mutually exclusive 
R8 neuron subtypes. 


Fig. 2. Yki and Sd regulate wts and melt 
expression in Hippo pathway positive feed- 
back. 


Fig. 3. The photoreceptor regulator Otd pro- 
motes melt expression in pR8s. 


Fig 4. Tissue-restricted transcription factors 
control melt and Rhodopsins with regulatory 
logic conserved in mammalian eye develop- 
ment. 


Fig. 5. The Hippo pathway requires photore- 
ceptor specification factors to regulate R8 
subtypes. 


Fig 6. Tissue-restricted transcription factors 
promote reuse of the Hippo pathway with pos- 
itive feedback for postmitotic neuronal fate. 
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Opposite Feedbacks in the Hippo 
Pathway for Growth Control 


and Neural Fate 


David Jukam,?*t Baotong Xie,?*t Jens Rister,’* David Terrell,? Mark Charlton-Perkins,” 
Daniela Pistillo,* Brian Gebelein,? Claude Desplan,’§ Tiffany Cook”?§ 


Signaling pathways are reused for multiple purposes in plant and animal development. The Hippo 
pathway in mammals and Drosophila coordinates proliferation and apoptosis via the coactivator 
and oncoprotein YAP/Yorkie (Yki), which is homeostatically regulated through negative feedback. 
In the Drosophila eye, cross-repression between the Hippo pathway kinase LATS/Warts (Wts) and 
growth regulator Melted generates mutually exclusive photoreceptor subtypes. Here, we show that 
this all-or-nothing neuronal differentiation results from Hippo pathway positive feedback: Yki both 
represses its negative regulator, warts, and promotes its positive regulator, melted. This postmitotic 
Hippo network behavior relies on a tissue-restricted transcription factor network—including a conserved 
Otx/Orthodenticle-NrV/Traffic Jam feedforward module—that allows Warts-Yki-Melted to operate as a 
bistable switch. Altering feedback architecture provides an efficient mechanism to co-opt conserved 
signaling networks for diverse purposes in development and evolution. 


ferent purposes during development, al- 

lowing extraordinary cell-type diversity (/). 
For example, the transforming growth factor-B 
(TGF-B), Notch, receptor tyrosine kinase/mitogen- 
activated protein kinase (RTK/MAPK), and Wnt 
signaling pathways each act repeatedly, from embryo- 
genesis to adulthood, to coordinate tissue patterning, 
growth, and specification throughout the animal. The 
Hippo pathway is best known for its role in growth 
control in both flies and mammals, where it regulates 
the balance between division and death in mitotic 
cells (2). But the Hippo pathway also regulates post- 
mitotic events such as photoreceptor subtype spe- 
cification in the Drosophila eye (3, 4). How the same 
signaling network can be regulated for context- 
appropriate outcomes as diverse as proliferation 
and differentiation is not well understood. 

The Drosophila eye comprises about 800 unit 
eyes (ommatidia), each containing eight photo- 
receptors (R1 to R8) (5). Two main ommatidial 
subtypes are defined by light-sensing Rhodopsin 
(Rh) proteins expressed in the color vision photo- 
receptors R7 and R8: “p” ommatidia, with ultra- 
violet (UV)-sensitive Rh3 in R7 and blue-Rh5 
in R8, and “y” ommatidia with longer UV-Rh4 
in R7 and green-Rh6 in R8 (Fig. 1A) [reviewed 


C ore signaling pathways are reused for dif- 
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in (6). p and y subtypes are distributed randomly 
in the retina in a psy ratio of ~30:70, following 
stochastic expression of the transcription factor 
Spineless in the R7 of subtype y (yR7s). pR7s, 
which lack Spineless, signal to underlying R8s to 
induce pR8/RhS fate, whereas the remaining R8s 
become yR8/Rh6 by default (6). p versus y fate in 
R8s 1s established by a bistable transcriptional feed- 
back loop between Melted (Melt), a pleckstrin 
homology—domain protein that specifies pR8/RhS 
fate, and Wts, a kinase in the Hippo pathway that 
specifies yR8/Rh6 fate (Fig. 1, B and C) (3). 
In its canonical role as a tumor suppressor, 
Wts is activated by the Hippo kinase (Hpo) and 
phosphorylates Yki, the Drosophila ortholog of 
the human oncoprotein YAP, to sequester Yki in the 
cytoplasm (2). In the absence of Hippo signal- 
ing, nonphosphorylated Yki enters the nucleus 
and binds as a coactivator to transcription fac- 
tors like Scalloped (Sd), Homothorax (Hth), and 
Mothers against Dpp (Mad) (7—//) to activate 
target proliferation and anti-apoptotic genes. Yki 
can also induce its negative regulators expanded, 
merlin, kibra, or dmyc to provide negative feed- 
back onto itself during growth control (/2—/4). 
Here we show that in postmitotic R8s, as in 
growth, Yki and its DNA-binding partner Sd mediate 
transcriptional output of the Hippo pathway. How- 
ever, the R8 regulatory architecture is fundamen- 
tally different, as Yki promotes positive feedback 
onto itself; This regulation requires a tissue-specific 
transcription factor network that includes Ortho- 
denticle (Otd) and Traffic Jam (Tj), orthologs of the 
mammalian photoreceptor determinants Crx and 
Nrl (/5), respectively, as well as Pph13 and Gfil/ 
Senseless (Sens). This network generates the post- 
mitotic context for the Hippo pathway to regulate 
an all-or-nothing fate decision and ensure robust 
terminal differentiation of sensory neuron subtypes. 
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Yki and Sd Regulate R8 Subtype Specification 
To test whether Yki functions in R8 neurons, we 
manipulated yki and assayed RhS and Rh6 ex- 
pression. yAi null mutant eye progenitor cells do 
not divide and are eliminated by apoptosis (/6). 
We therefore used Gal4 drivers to express yki- 
targeted RNA interference (RNAi) in postmitotic 
photoreceptors. Knockdown of yki in all photore- 
ceptors throughout development (IGMR>yki*™’, 
only in adults (using Gal80°), or in all R8s (and 
some R1 to R6) (sens>yki*“') caused almost all R8s 
to express Rh6, whereas Rh5 was nearly absent 
(Fig. 1D and fig. S1, A and C). Conversely, over- 
expressing wild-type or activated yki/YAP (yki3!0*4 
or human YAP*!?“) (17, 18) in all photoreceptors 
(JGMR>yki) transformed almost all R8s into RhS- 
expressing pR&8s (Fig. 1D and fig. SSC). Ectopic 
Yki did not require the pR7 signal to induce pR8 
fate because Yki induced RhS5 even in the ab- 
sence of R7s (sev; GMR>yki) (fig. S2A). Further- 
more, misexpressing yki only in yR8s after the 
fate decision (Rh6>yki) also induced RhS (fig. 
S2C). yki manipulations did not affect general 
neuronal fate, specific photoreceptor fate, or ex- 
pression of other Rhodopsins (fig. S2, B, D, E, and 
F). Thus, yA is necessary and sufficient in R8s to 
specify pR8/Rh5 and prevent yR8/Rh6 subtypes. 
Yki is a cofactor for DNA-binding transcription 
factors such as Sd, Hth, or Mad (7—//) to activate 
Hippo target genes. Ath or mad loss-of-function 
[GMR>hthP™ (19) and IGMR+ey>mad™""| (fig. 
S3D) did not noticeably affect Rh5 or Rh6. In con- 
trast, retinas with sd loss-of-function (sd“?, sd°S, 
sd’™, or IGMR> sd"), like yki loss-of-function 
eyes, expressed Rh6 in almost all R8s with a cor- 
responding loss of RhS5 (Fig. 1F and fig. S3E) and 
did not affect other photoreceptor subtypes (fig. 
S3, A to C). sd mutants or sd’ also suppressed 
the yi gain-of-function phenotype (sd; IGMR>yki) 
(Fig. 1F and fig. S3, E and F), indicating that sd is 
required for yAi function and likely encodes the 
Yki partner required for RhS and Rh6 regulation. 
We next confirmed that yki acts canonically 
downstream of Wts to regulate Rhodopsin ex- 
pression. In yR8s, Merlin (Mer) constitutively ac- 
tivates Hippo signaling to promote Wts activity 
(4). Their loss (mer* or wts®) led to RhS expan- 
sion, but yi" suppressed these phenotypes (Fig. 
1G and fig. S4A); furthermore, ectopic vii (GMR- 
yki) strongly suppressed Hippo pathway—induced 
Rh6 (GMR-wts, GMR-hpo, or GMR-wts+sav) (fig. 
S4, B and C). We also tested whether yAi and 
melt require each other to activate RhS. Strong 
(eytIGMR>yki®™") or even mild (yki??/+) yki 
loss-of-function suppressed the ability of ectopic 
melt to induce RhS (fig. S4D). However, ectopic 
yki still induced Rh5 when melt was absent, 
even when expressed late in yR8s (RA6>yki; 
melt) (Fig. 1H), consistent with yAi functioning 
downstream of Melt and the Hippo pathway 
to regulate Rhodopsins. This regulation occurred 
through Wts-dependent Yki phosphorylation and 
inactivation because misexpression of dominant- 
negative kinase-dead (KD) forms of Wts or Hpo 


1238016-1 


SEARCH ARTICLE 


in the retina (GMR>hpo*” or IGMR>wts“?) (3) 
or constitutive gain-of-function alleles that reduce 
phosphorylation by Wts (yki?””, yki?””) (20) te- 
sulted in RhS expression in >70% of R8s (fig. S5) 
(3). Thus, the molecular relationship among Hippo 
pathway members in growth also exists in R8 fate. 


Yki Creates Network-Level Hippo Pathway 
Positive Feedback by Regulating wts and melt 


We next assessed whether yki-dependent feed- 
back exists with its upstream regulators in R8s 
by removing retinal yki and sd function and 
assaying expression of wts (yR8s/Rh6) and melt 
(pR8s/Rh5). yki®4" or sd*”™ mutant clones 
caused w¢s-lacZ expansion and melt-lacZ loss in 
most R8s (Fig. 2, A, B, and D), mirroring the gain 
of Rh6 and loss of RhS. Conversely, activated yki 


(yki??"-, IGMR>yki, or IGMR>yki5!*:GFP) 
expanded melt-lacZ into >85% of R8s, with cor- 
respondingly decreased wts-lacZ (Fig. 2C and fig. 
S6, A to C), and this function required sd (fig. S6, 
A to C). Therefore, in postmitotic photoreceptors, 
Yki promotes its own activity with positive network- 
level feedback by activating me/t and repressing 
its direct negative regulator, wts—a regulation 
opposite from that in growth control. 

Yki/Sd could regulate the wés-melt cross- 
repression by activating melt, repressing w¢s, or 
both. To determine the feedback mechanism, we 
first performed epistasis analysis between yi and 
wits while monitoring melt expression. In wts®%4! 
retinas, melt expanded into all R8s, yet when yki was 
simultaneously removed (IGMR>wts™4'+-yki?™’), 
melt expression was lost (Fig. 2D). Conversely, 


ectopic wts failed to repress melt in the presence 
of ectopic yki (fig. S6C). Thus, vki does not ac- 
tivate melt by repressing wts; rather, it acts down- 
stream of wts to promote melt. 

If Yki repressed wes exclusively by inducing 
melt, wts should be derepressed in melt mutants even 
if upstream Hippo signaling is inactive. However, 
wts-lacZ was absent in mer;me/t double-mutant 
R8s (fig. S6D), suggesting that a melt-independent 
factor(s) represses wts in mer mutants. We hypoth- 
esized that the factor(s) includes Yki. Indeed, melt 
failed to repress wis in the absence of yii or sd (Fig. 
2D), and ectopic yki largely retained the ability 
to repress w¢s expression in the absence of melt 
(melt; GMR>yhi) (Fig. 2E). Thus, Yki not only func- 
tions downstream of wts to activate melt, but also 
functions downstream of melt to repress wis. 
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Fig. 1. Yki and Sd instruct mutually exclusive R8 neuron subtypes. 
(A) Main photoreceptor subtypes and Rhodopsin coupling in the Drosophila 
eye. (B) Confocal images of whole-mounted, wild-type adult retinas. (Left) 
R8 subtypes visualized with antibodies to Rh5 (blue) and Rhé (red); (right) 
R8 subtypes labeled with transcriptional reporters for melt [antibody against 
B-galactosidase (-Gal), magenta] and wts (antibody against GFP, green). Scale 
bar, 25 um. (C) Hippo pathway regulation of R8 subtypes. R7 signals to R8 to 
induce pR8s (melt and Rh5). yR8 cells express wts and Rhé6. wts and melt act in 
a double negative transcriptional feedback loop. Additional Hippo pathway 
members required to specify yR8 fate include the entire “core complex” (Wts, 
the Hpo kinase, the adapter protein Salvador (Sav), and Wts cofactor Mats) 
and the upstream regulators Lethal Giant Larvae (Lgl), the FERM-domain pro- 
tein and NF-2 ortholog Merlin (Mer), and the WW-domain protein Kibra (Kib) 
(4). Atypical protein kinase C (aPKC) antagonizes yR8 fate. Black arrows and lines 
represent genetic regulatory interactions. (D) yki is necessary and sufficient 
to specify pR8 fate. yki knockdown (yki*"“’) (left). Pan-photoreceptor expres- 
sion of activated Yki (right), induced by GMR-flp/FRT—mediated excision of a 
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mer; ykiF"4 


melt; Rh6>yki 


Rh6>GFP 


transcriptional STOP between tubulin promoter and yki>26"4 (GMR-flp, tub-FRT- 
STOP-FRT- yki>?°*), Scale bar, 25 um. (E) Effect of yki manipulations on per- 
centage of R8 cells expressing Rh5 or Rhé (y axis). Yki is necessary (left) and 
sufficient (right) to induce Rh5. Wild-type range is ~20 to 40% Rh5. From left 
to right in graph: sens-Gal4 (n = 10, N = 2998 R8 neurons), sens>yki"™ (n = 
8, N = 2112), y,w (n = 14 retinas, N = 2790), GMR-yki (n = 4, N = 510). Error 
bars are + SD; two-tailed, unpaired Student's t test; **P < 0.01, ***P < 0.001. 
(F) sd is required for pR8 fate. (Left) sd#”” mutant clone (GFP absence). The 
total number of ommatidia was not reduced, indicating that R8 cells were 
misspecified into yR8 rather than pR8 cells being lost. (Right) Yki misexpression 
in sd mutant background. (G) Yki acts downstream of the Hippo pathway and 
melt to control Rh5 and Rhé. (Left) mer*: (right) IGMR>yki*™’ suppresses the 
mer’ phenotype. Scale bar, 50 um. (H) Ectopic expression of yki in the op- 
posite subtype with Rh6-Gal4 induces Rh5 in melt®* mutants. (Left) Rh6- 
Gal4—expressing cells colabeled by expression of GFP (green). (Right) Rh5S 
channel only. Except where noted, in all manuscript figures, RhS and Rhé are 
labeled in blue (Rh5) and red (Rhé). 
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If ectopic Yki can repress wts independently of 
melt, what is the role of me/f? Although all R&8s 
expressed Rh6 in me/t mutants, up to 20% of R&8s 
still coexpressed Rh5 in 1-day-old adults, which de- 
creased to < 8% after 3 weeks (fig. S7). Because 


Fig. 2. Yki and Sd regulate wts 
and melt expression in Hippo 
pathway positive feedback. (A) 
yki*™’ retinas (top right) con- 
tain wts-lacZ (green) in almost 
all R8s, compared to about two- 
thirds of R8s in wild-type con- 
trols (top left); melt-lacZ (blue) 
is absent from most R8s in 
yki®™4’ retinas (bottom right) 
compared with controls (bot- 
tom left). Top panels: anti- 
bodies to B-Gal (wts-lacZ) and 
Rhé (red). Bottom panels: B-Gal 
(melt-lacZ), Rh5 (green), and 
Rhé (red). Images at R8 nuclei 
focal plane. Scale bar, 10 um. 
(B) sd mutant clones (absence 
of GFP) labeled with antibodies 
to B-Gal to mark wts-lacZ (top, 
green) and melt-lacZ (bottom, 
blue) transcriptional reporters. 
Dashed circles in top panels 
show wild-type R8s without 
wts-lacZ, whereas all sd mutant 
R8s contain wts-lacZ. Dashed 
lines indicate clone boundary. 
Bottom panel also stained for 
Rhé6. Scale bar, 10 pum. (©) A het- 
erozygous yki gain-of-function 
(GOF) allele is sufficient to in- 
duce melt expression in most 
R8s. Images in focal plane of R8 
nuclei. Antibodies to B-Gal (blue), 
Rh5 (green), and Rhé (red). Scale 
bar, 10 um. (D) Sagittal sections 
of adult eyes with nuclei stained 
for the R8 marker Sens (blue) 
and wts (B-Gal; green) or melt 
(B-Gal; magenta) expression. 
(Left) melt requires yki and sd 
to repress wts. wts-lacZ is absent 
from R8s in (GMR>melt retinas, 
but derepressed when yki or 
sd are simultaneously removed 
(bottom two panels). (Right) 
melt-lacZ is expressed in most 
R8s in IGMR>wts?™ retinas, but 
is lost when yki or sd are re- 
moved. White bracket denotes 
R8 layer. Scale bar, 50 um. (E) 
Top: melt; IGMR>yki:GFP adult 
retina labeled for RhS and Rh6é 
(left). Yki can repress wts (B-Gal, 
green in right) in most R8s in 
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IGMR>melt + sd"4i 


Rh6 Rh5 


the absence of melt. (Right) Panels shows R8 nuclear layer. A minority of R8s 
still express wts, but most do not. Compare to melt mutant retina, where wts is 
expressed in almost all R8s (bottom right). Scale bar, 25 um. (F) Model of Wts- 
Yki-Melt feedback circuit in R8 subtypes. Regulatory arrows are genetic and 
show transcriptional control, except for Wts inhibition of Yki, which is bio- 
chemical and posttranscriptional. Dashed lines indicate non—mutually 


no such delay was observed when yii was removed, 
and because yi activation consistently induces 
Rh5 in 100% of R8s, we infer that the transient Rh5S 
expression in young melt mutant flies reflects tran- 
sient Yki activity. The above data suggest that Melt 


ce 


wie 


[wis tacz | —matlacz _] [hs he 


1A 


, 


; 


11 OCTOBER 2013 


and Yki are temporally separated: Melt is not re- 
quired to initiate pR8 fate in response to the pR7 
signal, but instead likely consolidates Wts in- 
activity and Yki activity immediately after the fate 
decision to ensure robust Yki function in pR8s. 


WT (GFP+) 


lineage 


exclusive interactions. (G) Lineage-tracing experiment for wts-Gal4 expression 
in R8 subtypes using G-TRACE (45). Adult retinas stained for RFP (red), GFP 
(green), and phalloidin (Ph; blue). RFP alone labels contemporary, adult wts- 
Gal4 expression. GFP labels wts-Gal4 expression lineage. Right two panels are 
grayscale of RFP and GFP, respectively. Dashed circles show that pR8 cells did 
not express wts-Gal4 in their history. Scale bar, 10 um. 
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Together, these data indicate that Yki regulates 
both wts and melt to promote pR8 specification 
and reveal that Yki network-level positive feedback 
occurs through two mechanisms (Fig. 2F): (i) a 
Wts-Yki double negative-feedback loop, wherein 
Ws inactivates Yki biochemically and Yki represses 
wts transcription; and (it) a double positive-feedback 
loop between Melt and Yki, wherein Yki acti- 
vates melt expression, and Melt promotes Yki (or 
inhibits the Hippo pathway to activate Yki). This 
combination ensures a complete switch from the 
default (yR8) to the induced (pR8) fate. 


The R8 Hippo Network Is Distinct from 
the Hippo Growth Regulation Network 


To evaluate the context specificity of the R8 Hippo 
network, we asked whether wes transcriptional 
regulation is specific to postmitotic R8 cells. We 
used the G-TRACE lineage reporter (27) to simul- 
taneously label historical [green fluorescence pro- 
tein (GFP)] and contemporary [red fluorescence 
protein (RFP)] wts-Gal4 expression and found 
that GFP was only coexpressed with RFP in 
yR8s (Fig. 2G). This indicates that wts-Gal4 was 
not expressed earlier in mitotic pR8 progenitor 
cells and instead is activated postmitotically to 
control R8 subtype specification. 

We also asked whether the previously un- 
known Hippo regulatory relationships in R8— 
melt repressing wts, yki/sd repressing wets and ac- 
tivating melt—also exist in growth contexts. First, 
we examined wts-lacZ expression after Hippo path- 
way manipulation in the posterior compartment 
of the larval wing disc using an engrailed (en)- 
Gal4 driver. Unlike in R8s, neither yk" nor wes 
misexpression increased wts-lacZ expression. Fur- 
thermore, in third-instar larval eye discs, we did 
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Fig. 3. The photoreceptor regulator Otd promotes melt expression in 
pR8s. (A) Schematic diagram of melt locus and genomic DNA fragments 
tested for pR8 expression. Blue boxes: Ks/Otd binding sites (TAATCC). Red 
Xs: Otd site mutations. (B) (Top left) A 4-kb intronic melt-lacZ reporter ex- 
presses in a subset of Sal-positive R8 cells and distal nonneuronal cells 
(“NC”). (Bottom left) A 450-bp melt enhancer is expressed in pR8s (and 
some pR7s). (Top right) Adult otd loss-of-function retinas immunostained 
for B-Gal (magenta) and the R7/R8 marker Sal (green). (Bottom right) 
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not detect up-regulation of wts-lacZ in sd mutant 
clones (fig. S8A) or of melt-lacZ in wts mutant clones 
(fig. S8B). This suggests that the Hippo pathway 
does not regulate the expression of wts or melt in 
dividing epithelial cells of the wing or eye disc. 

We next tested whether the Wts-Yki-Melt 
regulatory circuit exists in growth control by ma- 
nipulating me/t and assaying the Yki growth 
target Ex. Whereas ectopic yki or wis” (which 
phenocopy melt gain-of-function in R8) auton- 
omously induced Ex levels when expressed in 
the wing, ectopic melt did not increase Ex pro- 
tein or ex transcription (ex-lacZ) (fig. S8D). Al- 
though en>melt adult wings were slightly larger 
than en-Gal4 control wings, strong overexpres- 
sion of melt in the developing and adult eye did 
not noticeably affect eye size or morphology 
(fig. S8C). This difference is likely due to melt’s 
known role in the wing as a growth promoter in 
the insulin/target of rapamycin (TOR) pathway 
(22), which is dispensable for me/t-dependent R8 
subtype determination (3). Collectively, these ex- 
periments indicate that the regulatory architecture 
and transcriptional feedback mechanism of the 
Hippo network differ between R8 subtype speci- 
fication and growth regulation in at least two 
mitotically active tissues. 


A Conserved Feedforward Otd-Tj (Crx-Nrl) 

Module Regulates Photoreceptor Subtypes 

Given the differences in Yki-mediated feedback 
in growth and R8 fate, we investigated how the 
Wts-Yki-Melt regulatory circuit is established 
specifically in R8s but not in growth. Because 
melt is a context-specific inhibitor of the Hippo 
pathway, we focused on mechanisms underlying 
melt regulation in the eye. We generated serial 


melt reporter LacZ 


melt450-lacZ 
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deletions of the melt first intron (4 kb), previ- 
ously shown to confer expression in pR8s (3), and 
identified a 450—-base pair (bp) (melt450-lacZ) 
element that drives reporter expression in pR8s 
(and pR7s) and responds appropriately to wes in 
R8 (Fig. 3, A and B, and fig. S9, A and B). melt450 
contains two conserved Ks) homeodomain (HD) 
binding sites whose mutations abolished reporter 
expression (Fig. 3, A and B, and fig. S9A), suggest- 
ing that a Ks factor directly promotes melt expres- 
sion. A good candidate was the pan-photoreceptor 
Kso HD transcription factor Otd (23), which di- 
rectly activates RA5 in pR8s and controls proper 
pR8:yR8 ratios (24-26) (fig. S9C). Consistent with 
otd being required for melt transcription, melt-lacZ 
was lost from all R8s when ofd was removed 
(sens>otd®™) (Fig. 3B), and melt450-lacZ was 
lost in eye-specific ord’” mutants (fig. S9B). More- 
over, Otd was sufficient to activate a melt450- 
luciferase (luc) reporter 3-fold in cultured Drosophila 
S2 cells, requiring intact K59 sites (Fig. 3C). 
Thus, Otd directly activates expression of both 
the fate determinant melt and its downstream out- 
put Rh5, generating feedforward regulation to 
promote pR8 fate (Fig. 3C). 

Because Otd is expressed in all photore- 
ceptors, we posited that other factors may act 
with Otd to regulate the Hippo pathway in R8. 
We performed a photoreceptor-specific RNAi 
screen and identified traffic jam (fj), which en- 
codes a basic leucine zipper (bZIP) transcription 
factor (27). 4 knockdown in all photoreceptors, 
or a null 7 allele that we generated (4*”), each led 
to loss of Tj protein and a significantly reduced 
Rh5:Rh6 ratio (Fig. 4, A to C, and fig. S10, B and 
C) without affecting R7 opsins (fig. S10D), sug- 
gesting that Tj is required for pR8 fate. 
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Mutation of two Ks9/Otd binding sites in the melt450 enhancer (melt450AK50- 
lacZ) abolishes reporter expression. Scale bar, 50 um. (C) Luciferase re- 
porter assays in S2 cells. y axis: relative luciferase units (RLU) normalized 
to a control that represents cells transfected with empty expression vector 
(= 1 RLU). Otd activates the melt450 enhancer about threefold, but does 
not activate melt450AK50. Error bars are +SD; n = 3; **P < 0.01. Bottom 
box: Otd and Melt form a feedforward loop to promote Rh5 expression 
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Tj retinal expression preceded Rhodopsin ex- 
pression and was restricted to all R7s and R8s 
from ~60 hours after pupal formation (APF) into 
adulthood (Fig. 4F and fig. S10A). 47 knockdown 
in R8 (sens>**) phenocopied 4*/ mutants, 
whereas R7 knockdowns (sev>y"’) had wild- 
type Rh5:Rhé6 ratios (fig. S10, B, C, and E), 
indicating that 4 autonomously affects R8 fate. 


Consistent with Tj’s role in promoting pR8 
fate, melt-lacZ was lost and wts-lacZ was expanded 
into most # mutant R8s (Fig. 4D and fig. S11A). 
Epistasis experiments revealed that 4 both promotes 
melt, independently from wes (wts”!; IGMR> 4°", 
melt-lacZ) (Fig. 4D and fig. S11A), and is neces- 
sary for melt to fully repress wts (¥*!; IGMR>melt; 
warts-lacZ) (Fig. 4D and fig. S11A). Furthermore, 


although Rh5 was uniquely expressed in all R8s 
in melt gain-of-function or wts loss-of-function re- 
tinas, simultaneous removal of # in either situation 
resulted in Rh5:Rh6 coexpression in most R8s 
(Fig. 4E and fig. S11B). This indicates that ¢ func- 
tions downstream of w¢s and melt to repress Rh6, 
but does not activate Rh5. Combined, these ex- 
periments reveal that Tj controls pR8 fate through 
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Fig. 4. Tissue-restricted transcription factors control melt and Rhodopsins 
with regulatory logic conserved in mammalian eye development. (A) 
Retinas expressing ¢j*4’ lose Rh5 and gain Rhé. Scale bar, 50 um. (B) 
Diagram of the ¢j locus. t/*’ was generated by imprecise excision of a P 
element (triangle) in the 5’ untranslated region (UTR). The ¢*? null mutant 
deletion is indicated by the black line. (C) Quantification of Rh5 and Rhé- 
expressing R8s. From left to right in graph: control (otd-GAL4): (n = 5, N= 
997), otd>tj* (n = 4, N = 898), tj47 (n = 6 retinas, N = 1230 R8 neurons). 
Error bars are SD; **P < 0.01. (D) Tj regulates wts and melt: Quantification of 
wts- and melt-expressing R8s. From left to right: control (yw); (n = 4, N = 920), 
[GMR>t*™ (n = 7, N = 1411), IGMR>melt (n = 4, N = 980), IGMR>melt-+4j° 
(n =4, N= 892), IGMR>wts®™" (n = 5, N = 912), iomR>t®"4i4. wts®™ (pn = 4, 
N = 760); error bars are SD; **P < 0.01. Diamonds denote complete loss of 
melt-lacZ. (E) Tj regulates Rhé downstream of wts and melt. From left to right: y 
w control (n = 6, N = 1185), IGMR>t*” (n = 8, N = 1675), IGMR>melt (n = 5, 
N = 1081), [GMR>melt+* (n = 5, N = 1021), IGMR>wts*™ (n = 4, N = 
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782), IGMR>ti*"“'4. wts®"” (n = 4, N = 774). Percent RhS compared; error 
bars are SD. **P < 0.01. Right diagram: Tj regulates wts, melt, and Rh6. 
(F) Tj is expressed in R7 and R8, but not in otd mutants. Adult sections; 
(top left) wild-type retinas labeled for the neuronal marker Elav (blue), 
the R7/R8 marker Sal (green), and Tj (red). (Bottom left): Tj alone in gray- 
scale in wild-type retinas. (Right) ofd loss-of-function (LOF) mutants 
(otd“”’) lose Tj (red); Sal (green). Scale bar, 50 um. (G) Luciferase reporter 
assays in $2 cells. (Top left) Tj activates melt450 expression ~12-fold, 
whereas Otd and Tj synergistically activate melt450 ~37-fold; (bottom left) 
mutating Kso/Otd sites in melt450 abolishes Otd-dependent, but not Tj- 
dependent, activation. (Top right) Otd, but not Tj, activates Rh5 promoter 
expression. (Bottom right) Tj can repress Rhé. Error bars are +SD; n = 3. 
(H) A OTX/CRX/Otd—MAF/NRL/Tj coherent feedforward motif instructs 
photoreceptor fate in flies and mammals. Crx (Otd) promotes expression 
of Nrl (Tj), and both factors promote a specific photoreceptor fate and 
Rhodopsin expression. Left, mammalian motif; right, fly motif. 
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three distinct mechanisms: Tj promotes melt, re- 
presses wés, and represses Rh6 (Fig. 4E, right). 

Tj is the single Drosophila ortholog of the 
four mammalian MAF-bZIP transcription fac- 
tors (28). One MAF factor—Nrl (neural retina 
leucine zipper)—is a target of the Otd orthologs 
Otx2 and Crx and functions synergistically with 
Crx in the mouse retina to promote rod photore- 
ceptor formation at the expense of cones (29-3/). 
Given that ofd and 4 also promote one photore- 
ceptor fate (pR8s) at the expense of another (yR8s), 
we examined the genetic relationship between ofd 
and g in the fly retina. Otd was unaffected in aa 
retinas (fig. S11C), but Tj was absent in otd‘’ mu- 
tants (Fig. 4F). Thus, Otd promotes 4 expresssion 
in fly photoreceptors, analogous to how Otx2/Crx 
promotes Ny] expression in mammalian rods. Otd- 
dependent pR8 gene expression, however, is not 
just a consequence of activating 4, as resupplying 
4 in otd’” mutants did not restore melt (fig. S11, 
D and E). Hence, ofd acts upstream of 4, but both 
are required to promote melt expression. Thus, 
similar to Crx and Nrl regulation of mammalian 
photoreceptor fate, Otd and Tj form a coherent feed- 
forward loop that promotes pR8 fate (Fig. 4H). 

This model predicts that Otd and Tj coop- 
erate to promote melt. Indeed, although no MAF 
consensus DNA binding sites were detected in 
the melt450 enhancer, Tj was sufficient to induce 
melt450-luc 12-fold and synergistically increased 
Otd-dependent activation from ~3-fold to 35-fold 
in S2 cells (Fig. 4G). Similar to our in vivo results, 
Tj did not induce RAS expression in S2 cells, but 
did repress Rh6 promoter activity (Fig. 4G). Com- 
bined, our in vivo and in vitro results uncover a 
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Fig. 5. The Hippo pathway requires photoreceptor specification factors to regulate 
R8 subtypes. (A) Yki requires Otd and Tj to induce melt. Adult sections of (top) IGMIR>yki (left) and ota": IGMR-GAL4>UAS- Vii (right) 
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second and conserved feedforward system in 
pR8s, wherein Otd induces 4 and Otd and Tj 
together activate melt expression in pR8s. 


Yki Requires the Conserved Otd-Tj Module 
to Induce pR8 Fate 


Because Otd and Tj are expressed in all R8s, 
whereas Yki/Sd function is biochemically re- 
stricted to pR8s by Wts, we asked whether these 
transcriptional regulators integrate to promote pR8 
fate. Consistent with ofd and 4 being essential for 
melt activation, yAi misexpression failed to induce 
melt in otd'™” or gf” eyes (Fig. 5A). Moreover, 
yki failed to activate Rh5 in ofd’” flies or repress 
Rh6 in gf” eyes (fig. S12A). Thus, yki requires 
otd and fj activity to exert its pR8 specification 
functions: (i) yAi requires ofd and g to induce melt, 
(ii) vki requires ofd to activate RhS5, and (ii) yki 
requires ff to repress Rh6 (Fig. 5B, right). 

To test this integration molecularly, we ana- 
lyzed the ability of Yki+Sd to influence Otd- 
and Tj-dependent activation of melt and RhS5 in 
S2 cells. Yki+Sd weakly activated melt (~3-fold), 
additively increased Tj-dependent activation (from 
8- to 12-fold), and synergistically increased Otd- 
dependent activation of melt (from ~3- to 20-fold) 
(Fig. 5B). However, the highest melt activation 
was observed with Otd, Tj, Sd, and Yki together 
(60-fold), consistent with the requirement of all 
four factors for pR8 fate in vivo. Similarly, Yki and 
Sd minimally activated the RA5 promoter (~3-fold), 
but largely increased Otd-dependent activation 
(from 60- to 125-fold) (Fig. SB). Although the 
K50/Otd sites were necessary for expression of 
melt and Rh5, mutating potential Sd sites in the 
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RhS promoter did not decrease reporter expression 
in vivo, suggesting that Yki/Sd-dependent acti- 
vation of Rh5 occurs indirectly. These studies sup- 
port the model that Otd, Tj, and Yki/Sd cooperate 
to promote pR&8-specific gene expression. 
Together, our results indicate that the pR8 
state depends on two overlapping feedforward 
regulatory networks: (i) Otd directly promotes 
melt and RhS expression (Fig. 3, A to C) (24, 25). 
Melt then further promotes Rh5 by antagonizing 
the Hippo pathway and promoting Yki activity; 
(ii) Otd promotes 4 expression, and Tj and Otd 
then synergistically induce melt, while Tj also re- 
presses wts and Rh6. Because Yki requires Otd 
and Tj to induce melt (which ultimately promotes 
Yki), Otd/Tj provide a critical transcriptional 
context for Yki positive feedback in R8. 


Photoreceptor- and R8-Restricted 
Transcription Factors Promote yR8 Fate 


We next investigated the mechanisms controlling 
the yR8 “default” state (active Hippo pathway 
and Rh6). Sens, an R8-restricted zinc finger tran- 
scription factor necessary early for R8 specifica- 
tion (32) and later for terminal R8 differentiation 
(25, 32, 33), and Pph13, a pan-photoreceptor 
Qs0 homeodomain transcription factor, are both 
essential for Rh6 expression (34). Thus, we tested 
whether these factors also promote yR8 fate. 
Removing sens late (sens>sens”’) reduced wts 
expression (fig. S13A), indicating that Sens func- 
tions in yR8s to promote ws and Rh6 expression 
(Fig. 5C). Sens did not, however, strongly affect 
pR8 fate as RhS was only mildly affected (Fig. 5C). 
In pph13"“”-null mutant retinas, not only were wts 


Ty [___wts>GFP_ | 


]ora | — \ cal 
- 
1 control pph13 


E | ss melt-lacZ_— Hi 3 


ez pphi3 ms 
F 560, 

80/ 

= 60 

40- 

pph13 = 


con Pphi3 Tj Pphi3 


retinas labeled for melt-lacZ (B-Gal, magenta) and Sal (green), or (bottom) [GMR>UAS-yki (left) and IGMR>UAS-tj""”"+UAS-yki +7j 
(right) labeled for melt-lacZ (magenta) and Sens (blue). Scale bar, 50 um. (B) Yki, Sd, Otd, and Tj synergistically activate melt 
and Rh5. Luciferase reporter assays for melt and Rh5 enhancer activity in $2 cells. Cells were transfected with indicated combinations of Otd, Tj, Yki, and Sd. 


(Right) Yki requires Otd and Tj to activate melt and Yki requires Otd to activate RAS. Error bars are +SD; n = 


3. (©) sens late-mutant retinas (45) lose Rh6 and wts 


expression; some Rh5 remains. (D) pph13 mutant retinas lose wts expression. wts>GFP remains expressed in R8s of the dorsal rim area (DRA) R8s (bracket) at the 
margin of the retina, but is absent in yR8s. Scale bars, 50 um. (E) (Left) pph13 mutants gain melt-lacZ (blue) in most R8s. (Right) Pph13 is required for wts and 
Rh6 expression and to specify yR8 fate. Scale bar, 10 um. (F) Tj reduces Pph13-mediated activation of Rh6é promoter. Error bars are +SD; n = 3. 
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and Rhé6 expression lost, but melt was also expanded 
into most R8s (Fig. 5, D and E). In addition, the Rh6 
promoter required the Pph13/Qs) HD binding site 
for its in vivo activity (fig. S13C), supporting the 
notion that Pph13 binds to and activates the RA6 
promoter (34). Rh5 protein was difficult to assess 
owing to pph13’s role in forming rhabdomeres, 
where Rh5 protein localizes. Nevertheless, Rh5- 
GFP remained expressed (fig. S13B), confirming 
that Otd, but not Pph13, is required for Rh5 pro- 
moter activity (34). Therefore, pph/3 regulates yR8 
fate determinants (it promotes w¢s and represses 
melt) and directly activates Rh6 (Fig. 5E), in an- 
other feedforward loop resembling Otd-Tj-Melt and 
Otd-Melt-Rh5 regulation in the alternate subtype. 

Since Sens and Pph13 are expressed in all 
R8s, what prevents these factors from activating 
yR8 gene expression in pR8s? Tj plays this role 
for Rh6, as Pph13 strongly activates Rh6 promoter 
activity (~80-fold) and Tj represses this activation 
(Fig. SF). Because RhS persists in sens and pph13 
mutants, these factors are likely to be permissive 
to promote wts and RAO in all R8s. 

Together, these results indicate that the R8 
Hippo network topology requires Otd, Tj, Pph13, 
and Sens activity to permissively promote both 
subtypes in all R8s. Such regulation endows any 
R8 with competence to respond to the stochas- 
tically expressed signal from pR7. Ultimately, the 
Yki-Wts-Melt feedback module provides the in- 
structive switch that decides between default (yR8) 
and acquired (pR8) states (Fig. 6A). 


Discussion 


A fundamental strategy in animal development 
is to repurpose the same signaling pathways for 
diverse functions. We identified a tissue-specific 
transcription factor network that enables the other- 
wise homeostatic Hippo growth control pathway 
to act as a bistable switch for terminal cell fate. 
This alteration in network-level properties—such 
as positive versus negative feedback—within bio- 
chemically conserved pathways is an efficient 
means to reuse a signaling network in contexts as 
distinct as proliferation and terminal differentiation. 

How is the R8-specific Hippo regulatory circuit 
achieved? The two interlinked Yki positive feed- 
back loops (one with wts, one with melt) provide 
the R8 Hippo pathway with multiple points of 
potential regulation. Context-specific expression 
of wts and melt is defined by overlapping ex- 
pression of four transcription factors: Otd, Tj, 
Pph13, and Sens (Fig. 6A). Otd and Pph13 are 
expressed in all photoreceptors and generate a 
permissive context that endows the initially equi- 
potent R8s with the competence to become either 
subtype: Otd promotes melt/Rh5 whereas Pph13 
promotes wts/Rh6 expression. This competence 
is further restricted by expression of Tj in R7 
and R8, and Sens in R8s, which ensures that melt 
and wts cross-regulation is restricted to R8s. Im- 
portantly, the status of Yki activity and resulting 
feedback assures the outcome of p versus y fate: 
In pR8s, Yki functions with Otd and Tj to pro- 
mote melt and Rh5; in yR8s, wts inhibits Yki, pre- 
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venting melt and Rh5 expression and allowing 
“default” wts and Rh6 expression by Pph13 and 
Sens. Each of these four transcription factors reg- 
ulates a partially overlapping subset of R8 subtype 
fate genes, and together, the network cooperates 
at multiple regulatory nodes to provide the spe- 
cific context for repurposing the Hippo pathway. 
Although other instances of pathways with 
both positive and negative feedback exist, these are 
conceptually different from R8 Hippo regulation. 
For example, in Sprouty (hSpry) regulation of 
Ras/MAPK-mediated epidermal growth factor 
receptor (EGFR) signaling, EGFR induces hSpry2 
expression but hSpry2 inhibits EGFR function 
(negative feedback); however, hSpry2 also pro- 
motes EGFR activity by preventing Cbl-dependent 
EGFR inhibition (positive feedback) (35, 36). 
hSpry2 positive feedback is likely coupled to its 
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negative feedback to fine-tune the length and am- 
plitude of receptor activation (36). By contrast, 
the opposite Hippo pathway feedbacks occur in 
vastly different cell types (mitotic epithelial cells 
versus postmitotic neurons), and both forms of 
feedback are unlikely to coexist in R8 because 
Yki’s repression of wts expression (positive feed- 
back) would render Yki up-regulation of upstream 
Wts activators (negative feedback) inconsequential. 

Gaining positive feedback or losing negative 
feedback within Hippo signaling could permit 
oncogenesis. Indeed, the vki ortholog, YAP, is an 
oncogene (37, 38) and is amplified in multiple tu- 
mors, and LATS//2 (wts) down-regulation is asso- 
ciated with non-small cell lung carcinomas, soft 
tissue sarcoma, metastatic prostate cancers, retino- 
blastoma, and acute lymphoblastic leukemia (39). 
Otx and MAF factors are also oncogenic in a num- 
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Fig. 6. Tissue-restricted transcription factors promote reuse of the Hippo pathway with positive 
feedback for postmitotic neuronal fate. (A) A functionally conserved cassette of genes from Kib/Mer 
to Yki/Sd is rewired for a context-specific purpose through changes in network-level feedback. Compari- 
son of network-level feedback switch in Hippo pathway for growth versus postmitotic R8 fate. In growth 
control (left), at least four negative feedbacks onto Yki generate homeostatic regulation for Yki’s growth- 
promoting function. In postmitotic R8 fate specification, positive feedback onto Yki induces an all-or-nothing 
decision to become pR8 and express Rh5. Four tissue-specific transcription factors (red ovals), including the 
conserved Otd-Tj (OTX-NRL) module, are coexpressed only in R8 in the eye and generate the permissive 
context for a Wts-Yki-Melt regulatory circuit and Yki positive feedback. Gray ovals are Hippo growth pathway 
genes not involved in R8 subtype specification. Orange ovals are genes involved in both contexts. Yellow 
ovals are genes that create the R8 feedback mechanism and are yellow in the growth pathway for compari- 
son. (B) Effect of Hippo pathway regulatory interactions on network-level feedback onto Yki, in growth 
control (left; negative feedback) or postmitotic neural differentiation (right, positive feedback). 
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ber of tissues (40, 41). Thus, understanding whether 
the regulatory interactions identified here function 
in other cellular contexts will be crucial for deciph- 
ering how normal Hippo signaling could go awry. 

Our findings also reveal that a Crx/Otd-Nrl/Tj 
feedforward module plays a conserved role in post- 
mitotic photoreceptor fate specification in both flies 
and mammals. Both induce one photoreceptor fate 
at the expense of another, and both regulate opsins 
with a feedforward loop wherein Crx/Otd activates 
Nrl/Tj expression and Crx-Nrl or Otd-Tj synergis- 
tically activate downstream targets (3/7). Given 
such deep evolutionary conservation, this module 
may be critical for generating photoreceptor di- 
versity in other complex visual systems. 

This study has two main implications. First, al- 
though positive feedback is well documented in 
other switch-like, irreversible cell fate decisions such 
as in Xenopus oocyte maturation or cell cycle entry 
(42-44), our work suggests that positive feedback 
could have a broad role in terminal neuronal differ- 
entiation, which often requires permanent fate deci- 
sions to maintain a neuron’s functional identity. 
Second, the changes in network topology in R8 
photoreceptors allows a finely tuned growth con- 
trol pathway to be used as a switch in a permanent 
binary cell fate decision. Context-specific regulation 
allows the feedback architecture to change in an 
otherwise conserved signaling module. This may 
be a general mechanism to endow signaling net- 
works with new systems properties and diversify 
cell fates in development and evolution. 
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Villification: How the Gut Gets Its Villi 
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The villi of the human and chick gut are formed in similar stepwise progressions, wherein the mesenchyme and 
attached epithelium first fold into longitudinal ridges, then a zigzag pattern, and lastly individual villi. We 
find that these steps of vilification depend on the sequential differentiation of the distinct smooth muscle 
layers of the gut, which restrict the expansion of the growing endoderm and mesenchyme, generating 
compressive stresses that lead to their buckling and folding. A quantitative computational model, incorporating 
measured properties of the developing gut, recapitulates the morphological patterns seen during vilification 

in a variety of species. These results provide a mechanistic understanding of the formation of these 
elaborations of the lining of the gut, essential for providing sufficient surface area for nutrient absorption. 


as a cylinder with an outer mesenchymal layer 

and an inner, luminal endoderm. As devel- 
opment proceeds, distinct radial layers of smooth 
muscle differentiate. In parallel, the luminal sur- 
face of the gut transforms from a smooth surface 
to a convoluted morphology. In humans, as well 
as in mice and birds, this leads to an organized 
array of fingerlike projections termed intestinal villi 
(/, 2) although a variety of morphologies such as 


I: amniotes, the primitive midgut is established 


ridges, zigzags, and honeycombs occur in other 
species (3—5). Early work suggested a mechanical 
basis for villus formation (6); however, systematic 
biological or physical studies of this hypothesis 
are lacking. 


Morphogenesis and Differentiation of 

the Chick Midgut 

Until embryonic day 7 (E7), the gut tube, with its 
inner endodermally derived epithelium and outer 


ST SPT 


Fig. 1. Formation of luminal patterns in chick corresponds with dif- 
ferentiation of smooth muscle layers. (Left photos) Transverse sections of 
developing chick guts immunostained for nuclei [4’,6-diamidino-2-phenylindole 
(DAPI), blue] and smooth muscle actin (aSMA, green) during development. 
(Middle) Close-ups of left photos, showing muscle layers. (Right) Whole-mount 
images of corresponding gut lumen pattern; longitudinal axis runs top to bottom. 
Scale bars indicate 100 11m; time is in days past fertilization (e.g., E6). (A) Lumen is 
smooth before muscle layers form. A, anterior; P, posterior. (B) Longitudinal ridges 
form as circularly oriented smooth muscle layer differentiates (arrowhead), and 
ridge number increases as this layer develops. (C) Longitudinal muscle develops 
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mesenchymal layer, maintains a smooth luminal 
surface (Fig. 1A). At E8, as the first layer of 
circumferentially oriented smooth muscle begins 
to form, inward buckling of the tube leads to 
longitudinal ridges that increase in number until 
E13, when the differentiation of this layer is com- 
plete (Fig. 1B). At this point, a second longitudi- 
nally oriented layer of muscle differentiates just 
exterior to the circular layer, while the previ- 
ously formed ridges fold into parallel zigzags over 
3 days (Fig. 1C). Last, at E16, as a third longitu- 
dinally oriented muscle layer differentiates just in- 
terior to the circular layer, bulges arise from the 
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exterior to the circular layer (arrowhead) coincident with the formation of zigzags whose periodicity is maintained but with increasing amplitude and compactness over 
time. (D) A second longitudinal muscle layer forms, interior to the circular layer (arrowhead), coincident with the formation of villi. (E) Schematic illustrating the process 
of muscle differentiation and luminal patterning over time. 
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zigzag pattern that presage the formation of villi 
(Fig. 1D). The coincident emergence of luminal 
ridges, zigzags, and villi with the sequential forma- 
tion of smooth muscle layers suggests that smooth 
muscle differentiation and epithelial morphogenesis 
might be linked. 


Ridges Form Because of Muscle- 

Constrained Azimuthal Growth of the 
Endoderm-Mesenchyme Composite 

The notion that differential growth of layered 
tissues can lead to epithelial buckling is classical 
(7, 8) and has been evoked, for example, to ex- 
plain longitudinal ridge formation in healthy and 
diseased adult trachea and esophagus (4, 9). To 
investigate the tissue interactions that lead to 
the ridge patterns in the embryonic gut, we sur- 
gically separated the layers and observed the ef- 
fects on their respective morphologies. When the 
muscle was separated from the combined mesen- 
chymal and epithelial layers at different stages 
from E8, when the circular muscle layer first 
forms, to E12 just before the first longitudinal 
muscle layer forms, we found that the mesen- 
chyme and attached epithelium unfold (Fig. 2A). 
This indicates that relative growth of these layers 
leads to reversible elastic compression when con- 
strained within the muscle layer; indeed the ratio 
of the inner circumference of the once-attached 
muscle layer to the outer circumference of the 
separated mesenchyme and endoderm, the cir- 
cumferential stretch ratio, consistently averages 
to 0.55 across the developmental stages from E8 
to E12 (Fig. 2B). However, the separation of the 
endoderm from the composite of mesenchyme 
and muscle does not abolish ridge pattern in the 
mesenchyme (Fig. 2C). 

Taken together, these results support a model 
that the circular muscle layer, once differentiated, 
forms a stiff constraint mechanically preventing 
the free azimuthal expansion of the mesenchyme 
and endoderm; further growth of these tissues 
relative to the muscle layer leads to azimuthal 
compression and buckling. This suggests that 
absent muscle differentiation, the gut tube would 
expand freely radially without ridge formation. 
To test this, we developed an in vitro culture sys- 
tem for gut growth. When segments of E6 guts 
with smooth lumens and no muscle layers were 
cultured for 48 hours in vitro, they differentiated 
to form a ring of circumferential smooth muscle 
and parallel luminal folds, indistinguishable from 
in ovo E8 guts (Fig. 2D). When E6 guts were 
cultured in the presence of 10 uM AG1295 or 
FK506, drugs known to block the differentiation 
of smooth muscle but that act through distinct 
signaling pathways (/0, 11), they did not form a 
smooth muscle layer and concomitantly did not 
form luminal folds (Fig. 2D). Importantly, these 
compounds did not influence proliferation or 
lead to an increase in cell death when compared 
with guts grown with the vehicle (dimethyl! sulf- 
oxide, DMSO) alone (fig. S1); indeed there was a 
significant increase in the outer circumference of 
guts lacking circular smooth muscle when com- 
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pared with control gut samples, confirming that 
blocking smooth muscle differentiation eliminates 
circumferential restriction of the outward expan- 
sion of the gut tube. As a control, gut segments 
grown in vehicle alone developed a layer of cir- 
cular smooth muscle and formed luminal folds. 
Quantifying the constraint provided by the mus- 
cle, we find that the ratio of inner circumference 
of the muscle layer in the control samples to the 
outer circumference of the gut segments cultured 
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with either compound to be 0.53 on average (Fig. 
2D), a ratio that agrees closely with the stretch ratio 
obtained from surgical separation of the layers, in- 
dicating that tissue differentiation into smooth mus- 
cle provides most of the circumferential constraint. 

Because smooth muscle begins active peri- 
stalsis once it forms, the contractility of muscle 
could drive epithelial buckling in addition to, or 
instead of, functioning as a passive barrier to ex- 
pansion. To test this, we cultured E6 gut segments 
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Fig. 2. Differentiation of circularly oriented smooth 
muscle is necessary for maintenance and develop- 
ment of ridges. (A) Transverse slices from E8, E10, and 
E12 whole guts (left) are surgically separated along the 
junction of the mesenchyme and the circular smooth 
muscle (dotted line). When separated from the muscle, the luminal ridges in the mesenchyme and attached 
endoderm unfold (middle) and expand, whereas the detached muscle remains invariant (right). The outer 
circumference of the unfolded mesenchyme and endoderm (blue arrowhead) is larger than the inner 
circumference of the separated muscle layer (green arrowhead). (B) Inner circumference of muscle layer 
(green line) compared with outer circumference of mesenchyme and endoderm (blue line) over time, along 
with the compression ratio (bar graph). (C) Surgical separation of endoderm from mesenchyme and muscle 
at E10 does not abolish ridge pattern. (D) (Top left) Experiment schematic of E6 gut cultured for 48 hours. 
(Bottom) Transverse sections of a fresh E8 gut or E6 guts cultured in DMSO alone or with either 10 um 
AG1295 or 10 wm FK506 for 48 hours and labeled with DAPI (blue) and SMA (green). (Top right) 
Quantification of compression from E8 muscle shows the ratio of the inner circumference of the circular 
muscle at E8 (green arrowhead) to the resulting mesenchyme outer circumference (blue arrowhead). (E) 
Transverse sections of guts labeled as in (D); culturing E6 guts in the presence of either SNP or motilin does 
not affect ridge formation. (F) Transverse sections of guts labeled as in (D), cultured in silk tubes of 380-um 
inner diameter (top) or 300-um inner diameter (middle) or cultured in 300 um and extracted before 
fixation (bottom). n > 3 for all culture experiments; error bars represent one SD. Scale bars = 100 um. 
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with either sodium nitroprusside (SNP), a com- 
pound shown to inhibit smooth muscle contraction 
during peristalsis, or motilin, known to enhance 
peristaltic smooth muscle contraction (/2, /3). After 
48 hours in culture, neither compound affected 
the formation of luminal ridges, suggesting that 
the spontaneous contractility of smooth muscle is 
not required for epithelial buckling (Fig. 2E). 

Last, to assess whether the role of the circular 
smooth muscle layer as a stiff barrier is sufficient 
to drive luminal folds, we sought to mimic its role 
in samples where smooth muscle development 
was blocked. To do so, we constrained radial gut 
growth by using porous silk tubes, synthesized by 
spinning silk fibroin around a reciprocating ro- 
tating mandrel with the inner diameter of the 
circular smooth muscle (/4). E6 gut segments cul- 
tured inside of silk tubes in the presence of either 
AG1295 or FK506 for 48 hours did not form a 
muscle layer and, when given sufficient room to 
expand in silk tubes of 380-1m inner diameter, still 
did not form luminal ridges (Fig. 2F). However, 
when the segments were grown in AG1295 and 
FK506 and restricted by a silk tube of inner diam- 
eter of 300 um, they formed ridges similar to those 
seen in control guts in spite of the lack of smooth 
muscle (Fig. 2F). This demonstrates that the me- 
chanical barrier function of the circumferential 
smooth muscle is sufficient for luminal ridge for- 
mation. Moreover, upon removal from the con- 
fining silk tube, these ridges were quickly lost, just 
as they vanished from gut tubes upon surgical re- 
moval of the circumferential muscle layer (Fig. 2F), 
corroborating our previous finding that continued 
mechanical constraint is required for the main- 
tenance of luminal ridges. 


Zigzag Intermediates Form in Response to 
Additional Muscle-Constrained Longitudinal 
Growth in Endoderm-Mesenchyme Composite 
As described earlier, at E13 a second longitudinally 
oriented muscle layer forms; simultaneously the 
ridges buckle into zigzags. Previous work has 
shown that a thin layer atop an elastic substrate 
may take on a zigzag topography when it is com- 
pressed biaxially (/5—/7), suggesting that the 
longitudinal muscles in conjunction with the pre- 
viously established circumferential muscle com- 
press the gut biaxially. To investigate whether 
the longitudinal muscle layer generates longi- 
tudinal compression, we surgically separated the 
muscle layers from the endoderm-mesenchyme 
composite at different developmental stages. At 
E12, before longitudinal muscle or zigzags have 
formed, the separated mesenchyme and attached 
endoderm have about the same axial length as 
the muscle to which they were attached (Fig. 3A). 
However, after longitudinal muscle layer dif- 
ferentiation, at E13, E14, and E15, the ratios of 
the length of separated muscle to the mesen- 
chyme and endoderm were about 0.75, 0.69, 
and 0.55, respectively (Fig. 3A), showing that 
the endoderm-mesenchyme is increasingly com- 
pressed longitudinally as this muscle layer forms. 
Conversely, separation of the endoderm from the 
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mesenchyme and muscle at E14 did not abolish 
the zigzag pattern, suggesting that this interaction 
is not required for maintenance of the zigzags 
(Fig. 3B). 

To directly test whether the development of 
the outer longitudinal layer is required for the 
formation of zigzags, we resorted again to our 
in vitro culture system. When E12 gut segments, 
with a single, circumferential smooth muscle layer 
and parallel ridges, were cultured for 48 hours, 
they differentiated a longitudinal smooth muscle 
layer and underwent morphogenesis to form zig- 
zags, similar to those seen in guts harvested at 
E14 (Fig. 3C). In the presence of either AG1295 
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or FK506, the longitudinal muscle layer failed to 
differentiate, and concomitantly the zigzag pat- 
tern did not form, suggesting that the longitudinal 
layer is required to induce zigzags. These com- 
pounds only block further smooth muscle for- 
mation and leave established layers intact, so the 
ridge patterns remain (Fig. 3C). Additionally, when 
differentiation of this longitudinal muscle was 
blocked, the length of the gut increased signifi- 
cantly compared with control gut segments; the 
ratio of the length of control gut segments to those 
cultured in the presence of either compound was 
on average 0.66; that is, this longitudinal muscle 
layer compressed the mesenchyme and attached 


B [ioe Lem SE 
i | 


05 i 


E12 E13 E14 E15 


= 
un 


C £12 


Cultured 
i re 
48 48 hours. 


Ridges 


ression ratio 
o 


o 
in 


A 


comp 


= 
un 


an 
°o 


Cultured 
for 
48 hours 


° 
SS 
£ 
c 
i) 
a 
w 
co) 
Y 
a 
= 
fe) 
2) 


Zigzags Villi 


DMSO AG 


[Fresh Ea] [puso —ILaGi295—_]LFKa06—] 


DMSO AG FK 


a oe 


Fig. 3. Differentiation 
of outer and inner lon- 
gitudinally oriented 
smooth muscle layers 
is required for devel- 
opment of zigzags and 
villi, respectively. (A) 
(Left) Experimental sche- 
matic of tissue separation 
along the longitudinal 
axis used to measure lon- 
gitudinal compression ratio. 
The muscle (green) from 
a strip of tissue was dis- 
sected away from the mes- 
enchyme (blue)/endoderm 
(red), and the resulting 
lengths were compared. 
(Right) Graph of separated 
muscle layers relative to 
mesenchyme and attached 
endoderm before (E12) 
and after (E13, E14, and 
E15) longitudinal muscle 
layer forms. (B) Separa- 
tion of endoderm from 
mesenchyme and mus- 
cle at E14 does not abol- 
ish zigzag pattern. (C) (Top 
left) Experiment sche- 
matic of E12 gut cultured 
for 48 hours. (Bottom) 
E12 guts cultured in DMSO 


alone or with either 10 um AG1295 or 10 um FK506 for 48 hours. Middle photos show luminal views, and 
bottom photos show longitudinal sections labeled with DAPI (blue) and SMA (green). Arrowheads denote 
absence of muscle layer. (Top right) Quantification of compression from £14 longitudinal muscle 
characterized by the ratio of the length of the control cultured segments to those lacking muscle. (D) (Top 
left) Experiment schematic of E15 gut cultured for 48 hours. (Bottom) Fresh E17 gut or E15 guts cultured 
in DMSO alone or with either 10 um AG1295 or 10 wm FK506 for 48 hours. Middle photos show luminal 
views and bottom photos show longitudinal sections, labeled as in (C). Arrowheads denote absence of 
muscle layer. (Top right) Quantification of compression from E16 longitudinal muscle, as in (C). n > 3 for 
all culture experiments; error bars represent one SD. Scale bars = 20 um. 
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epithelium by a factor of about 1.5 (Fig. 3C). This 
is consistent with the value obtained by manual 
dissection of the layers. Just as for ridge forma- 
tion, transformation of ridges to zigzags is inde- 
pendent of smooth muscle contractility (fig. S2). 


Villification Requires a Third Regime of 
Smooth Muscle Differentiation 

To investigate the dependence of the final pat- 
terning of villi on the differentiation of the inner, 
longitudinal smooth muscle layer, we cultured 
E15 guts, with both a circumferential layer and 
outer longitudinal layer, for 48 hours in the pres- 
ence of the muscle-blocking compounds or with 
the vehicle (DMSO) alone. Although gut seg- 
ments cultured with DMSO developed a third 
inner longitudinal muscle layer and formed villi, 
those cultured with either AG1295 or FK506 failed 
to form this muscle layer and did not initiate villi 
(Fig. 3D). When differentiation of this longitudi- 
nal muscle was blocked, the length of the tube 
increased significantly compared with those of 
control gut segments (Fig. 3D). The ratio of the 
length of control gut segments to that of those 
lacking the outer longitudinal muscle was on av- 
erage 0.68; that is, this muscle layer compressed 
the mesenchyme and endoderm again by a factor 
of about 1.5 (Fig. 3D). 


Fig. 4. Anumerical simulation predicts 
the formation of ridges and zigzags in 
chick gut lumen. (A) The model is illustrated 
by showing the mesenchyme (blue) and the 
endoderm (red) enclosed in a muscle (green), 
without muscle, and separated in their stress- 
free states. (B) (Top left) Circumference of the 
inner boundary of the muscle and endoderm. 
(Top right) Spacing of longitudinal folds mea- 
sured along the endoderm and scaled by its 
thickness. The thin dashed line is the stress- 
free thickness of the endoderm-mesenchyme 
composite. (Bottom left) Ratio of muscle to 
separated endoderm-mesenchyme composite 
in circumferential and longitudinal directions. 
(Bottom right) Shear modulus of mesenchyme 
and endoderm, and their ratio. In all graphs, 
solid lines correspond to experimental obser- 
vations and dashed lines to the computational 
model. Error bars, 1 SD. (C) A simulation shows 
ridge-folds forming due to circumferential 
compression, followed by buckling into a zig- 
Zag pattern due to longitudinal compres- 
sion. Sections of corresponding chick guts 
labeled with DAPI (blue) and SMA (green) 
are shown below. 
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All together, our surgical manipulations and 
drug studies support the hypothesis that differ- 
entiating smooth muscle acts as a barrier to the 
expansion of the attached mesenchyme and endo- 
derm, compressing these layers first circumferen- 
tially to form ridges, then longitudinally to form 
zigzags, and last longitudinally again to form villi. 
We emphasize that, because the patterns relax when 
the muscular constraints are released surgically, it 
follows that the morphology of the lumen is a 
simple consequence of elastic energy minimiza- 
tion during the constrained growth of a soft, lay- 
ered elastic tissue. 


Mathematical Models Quantify the Role of 
Tissue Growth Constrained by Muscle Layers 
to Drive Ridge and Zigzag Formation 

To further quantify these luminal patterns, we 
constructed a mathematical and computational 
model of the process based on measured geo- 
metrical and biophysical parameters. Our models 
are similar in spirit to recent theoretical approaches 
to gut luminal patterning based on the hypothesis 
of differential growth (18, 19) but go beyond them 
by correctly accounting for the constraints pro- 
vided by the combination of muscular differenti- 
ation and differential growth that we see evidence 
for, the cylindrical geometry of the gut, and the 
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experimentally measured geometrical and physi- 
cal properties of the system. 

We start by considering a composite of natu- 
rally flat elastic mesenchyme and endoderm sheets 
that are attached together and bent and squeezed 
to fit into a rigid tubular configuration of inner 
diameter D that mimics the circular muscle layer 
(Fig. 4A). We assume that the tissues may be well 
described by using a simple neo-Hookean consti- 
tutive model, with a volumetric strain energy density 
W = You[Tr(FF')J- 77 — 3] + KU — log — 1), 
where and K are the shear and bulk moduli, 
respectively; F is the elastic deformation gradient; 
and J = det(F). Over the multiday time scale of 
villification, the tissues are assumed compress- 
ible with K = 3u. At each stage, we minimize the 
elastic energy of the system by using a custom 
finite element model (supplementary materials). 
We characterize growth by using the experimen- 
tally measured growth parameters, including the 
outer circumference, So = 2D, of the compressed 
endoderm-mesenchyme composite, as well as 
the circumference and thickness of the endo- 
derm and mesenchyme (Fig. 4B and fig. S7). 
The simulated domain has length ZL = 1.25D in 
the longitudinal direction with periodic bound- 
ary conditions at the ends, allowing uniform rel- 
ative longitudinal growth of the layers to develop 
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axial compression that mimics the role of the 
longitudinal muscles at E13 and E14 when zig- 
zags arise. With the geometrical parameters (full 
details in the supplementary materials) and the 
measured elastic moduli of the tissues (Fig. 4B 
and figs. S3 to S6) that show that the endoderm is 
about 10 times stiffer than the mesenchyme, our 
simulations allow us to follow the evolution of 
luminal patterning shown in Fig. 4C and movie 
S1. We see that both ridge and zigzag patterns 
arise as mechanical instabilities in the constrained 
growing tissue that sequentially break circumfer- 
ential and then longitudinal symmetry in the gut 
with a wavelength and amplitude comparable to 
the thickness of the endoderm-mesenchyme com- 
posite (Fig. 4B). 


Villification Also Requires Localized 

Changes in Endodermal and Mesenchymal 
Proliferation in Addition to Smooth 

Muscle Differentiation 

Although additional compression from the inner 
longitudinal layer is necessary for the formation 
of villi from zigzags, as shown in Fig. 3, lon- 
gitudinal compression alone is not sufficient to 
effect this transformation (fig. S9A). 

Previous work in mouse has shown that, al- 
though proliferating cells can be found uniformly 
across the mesenchyme and endoderm before villi 
arise, as villi form, proliferating cells are found 
only in the intervillous region (2). Similarly, in 
chick guts, proliferating cells appear uniformly 
within each tissue layer through the formation 
of zigzags (Fig. 5 and fig. S8), but at E15, after 
zigzags form and just before villi arise, proliferat- 
ing cells are found predominantly in the valleys 
between the raised zigzags (Fig. SA). However, 
once villi begin to form at E16, proliferation is no 
longer restricted from the tips (Fig. SA). Addition- 
ally we find that in vitro 5-ethynyl-2’-deoxyuridine 
(EdU) pulse labeling of E15 gut samples results 
in labeled cells at the sides and tips of forming 
villi, suggesting that these changes in proliferation 
patterns may reflect a displacement of the dividing 
cells upward from the valleys as the luminal to- 
pography shifts from zigzags to villi. Specifically, 
each “arm” of the zigzag twists out of the plane 
and into the lumen, pinching off a region of the 
zigzag arm near each “elbow,” delineating pockets 
of mesenchyme surrounded by endoderm, each of 
which becomes a villus (Fig. 5B). 

To understand how the topographical changes 
during zigzag twisting might relocate regions of 
proliferation as villi form, we created a clay model 
of zigzags. Labeling the proliferating regions of 
our model zigzags and manually twisting them 
mimics the twist observed in the E16 gut (Fig. 5C). 
Furthermore, the resulting clay label localization 
closely matches EdU staining for proliferation in 
the sectioned E16 gut tissue (Fig. 5C), suggest- 
ing that these tissue movements account for the 
observed proliferation patterns as villi form. 

To probe the effect of nonuniform growth in 
our computational model, we set up a minimal 
planar configuration of mesenchyme and endo- 


derm (supplementary materials, fig. S9, and movie 
S2). Initially, the endoderm and mesenchyme are 
assumed to have nominal compression ratios of 
0.5 and 0.6, respectively, in both lateral direc- 
tions, as measured experimentally (Fig. 3A). 
This results in a tightly packed zigzag pattern 
(fig. S9A), with a spacing of twice the thickness 
of the endoderm-mesenchyme composite in both 
directions, in agreement with experiments. By 
using our experimental observations of nonuni- 
form proliferation as guides, we incorporate non- 
uniform growth to this pattern by allowing the 
growth of spots of the endoderm in the zigzag 
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valleys, centered at the deepest points of the 
valleys, with lateral diameter six times the endo- 
derm thickness. These spots are grown laterally 
until their diameter doubles during the simula- 
tion relative to areas of the endoderm outside the 
spots. This pattern of growth causes the zigzags 
to shift and twist so as to relocate the rapidly 
growing regions to the arms, similar to our clay 
model. As the spots relieve their growth strain at 
the arms, they form previllous bulges (Fig. SE). 
Sliced plane views of this twisted pattern reveal 
their similarity to the corresponding experimental 
patterns (Fig. 5F); bulging peaks are rotated, 


Fig. 5. The formation of villi from zigzags in- 
volves nonuniform proliferation and a complex 
change in topography. (A) Transverse sections of 
guts labeled for 4 hours with EdU in ovo (red) guts 
show patterns of proliferation over time. (B) Luminal 
views of guts from E15 to E16 as villi form. The 
“arm” of the zigzag rotates at the “elbow”; the circles 


denote the resulting pockets of mesenchyme surrounded by endoderm that will each become a villus. (C) 
Clay models; purple label represents proliferating regions. Clay model is twisted to mimic change in 
topography seen in (B). (D) (Top) Labeled, twisted model of E16 gut is sliced with a razor blade to reveal 
label localization. (Bottom) EdU label in longitudinal sections of E16 guts; arrowheads highlight sim- 
ilarity of pattern. (E) (Top) A simulation that incorporates nonuniform proliferation along with measured 
geometrical and biophysical parameters shows villi morphogenesis. (Bottom) Corresponding images of the 
chick lumen (red color and stained puncta are due to antibody stain and should be disregarded). (F) (Top) 
Sections of the simulations in (D). (Bottom) Corresponding sections in chick. 
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whereas the regular zigzag valleys persist deeper 
in the pattern. 

Thus, although the final patterning step where 
definitive villi arise involves more complex mor- 
phogenesis and nonuniform proliferation, it fol- 
lows from the same general physical principle: 
Differential growth in a constrained environment 
leads to buckling and folding patterns as circum- 
ferential, longitudinal, and eventually radial sym- 
metry are broken sequentially. 


A Phylogenetically Conserved Mechanism 
Directs Luminal Gut Morphogenesis 
Although the patterns seen on the luminal sur- 
face of the gut vary substantially across species 
(fig. S10), the underlying physical principles we 
have uncovered for the chick lumen morphology 
suggest that similar mechanisms operate broadly. 

In the adult Xenopus, the luminal surface of 
the intestine is folded into a zigzag pattern (4). 
Development of this pattern involves progressing 
through the same patterning steps as in chick, 
with a smooth lumen forming ridges that then 
develop into zigzags via identical mechanisms 
(Fig. 6A). However, Xenopus, unlike chick, does 
not develop the second inner longitudinal mus- 
cle layer (Fig. 6A); the absence of this muscular 
layer, and thence the absence of additional com- 
pression, explains why individual villi do not de- 
velop in Xenopus. Our computational models can 
account for the differences in zigzags between 
Xenopus and chick, as well as more exotic pat- 
terns seen in snakes (supplementary materials and 
fig. S10). 

In the mouse, the gut does not progress through 
ridges and zigzags; instead, villi emerge directly 
from a smooth lumen (20). Although these villi 
arise only once smooth muscle layers form, the 
layers differentiate much more rapidly in mouse 
than in chick (Fig. 6E). This suggests that the 
relatively quick pace at which muscle layers form 
in the mouse does not leave time for proliferation 
and expansion of the inner mesenchyme and en- 
doderm between the differentiation of sequential 
muscle layers and thus prevents the development 
of visible intermediate patterns such as ridges and 
zigzags. Specifically, all muscle layers develop 
within a 48-hour period, a short time compared 
with the 8 days required for muscle to fully de- 
velop in chick (20). To experimentally determine 
whether villus formation in mouse also requires 
differentiation of smooth muscle, we tested the 
effect of the smooth muscle inhibitors used in 
our chick studies on the formation of villi in 
mouse guts grown in culture. Just as in chick, the 
mouse guts grown in the presence of AG1295 
or FK506 did not form smooth muscle and con- 
comitantly did not develop villi (Fig. 6B), suggest- 
ing that compression from the smooth muscle 
layer is necessary for, and drives the formation 
of, villi in mouse. 

Our studies are in sharp contrast to a recent 
view of mouse gut patterning that postulates a 
potential inductive role of the endodermally de- 
rived signal Sonic hedgehog (Shh) in triggering 
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a morphogenetic cascade directing villus out- 
growth (2/). The key results that led in this di- 
rection were the failure of villus formation when 
Shh activity was pharmacologically blocked with 
the Shh antagonist cyclopamine and the increased 
size of the villi when guts were provided with ex- 
cess Shh signal. However, because these reagents 
were applied before villus formation, they were 
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entiation. Because Shh activity is both necessary 
and sufficient to direct smooth muscle formation 
in the developing intestine (22, 23), an alternative 
explanation would be that cyclopamine, by pre- 
venting smooth muscle specification, eliminates 
the constraint necessary for villi to form, consist- 
ent with our current studies. 

To quantitatively test our theory of villifica- 


de facto also treated before smooth muscle differ- _ tion in the mouse gut, we performed mechanical 
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Fig. 6. The physical mechanism of villification can be extended to other species. (A) Luminal 
pattern formation in Xenopus. Sections labeled with DAPI (blue) and SMA (green). The circumferential and 
outer longitudinal layers form (asterisks), but the inner longitudinal layer does not form (arrowhead). (B) 
Transverse sections of E11.5 mouse guts [labeled as in (A)] cultured in vehicle alone (DMSO) or with either 
10 um AG1295 or 10 um FK506 for 72 hours; experiment schematized above. (C) (Left) Circumference of 
the inner boundary of the muscle and endoderm. (Middle) Spacing of folds measured along the endoderm 
and scaled by its thickness. Dotted line is the stress-free thickness of the endoderm-mesenchyme composite. 
(Right) Shear moduli of mesenchyme and endoderm and their ratio. In all graphs, solid lines correspond to 
experimental observations and dashed lines to simulations. (D) Cross-sectional (top) and luminal (bottom) 
images from a simulation based on measurements from the developing mouse gut. Color shows distance of 
the luminal surface to the center line, relative to the diameter of the tube. (E) Transverse sections [labeled as 
in (A)] and whole-mount images of the lumen for corresponding stages during mouse villi formation. n > 3 
for culture experiments; error bars represent one SD. Scale bars = 100 um. 
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and morphometric measurements of the tissues 
in the developing mouse gut (Fig. 6C). Using 
these measurements as inputs in our model suf- 
fices to quantitatively predict the formation of 
villi (supplementary materials, Fig. 6D, and movie 
$3). Compared with the chick, where the endo- 
derm is more than 10 times stiffer than the ad- 
jacent mesenchyme, the mouse endoderm is only 
about 1.5 times as stiff as the mesenchyme (fig. 
S3). Our simulations show that the soft endoderm 
in mouse is essential for the initial folding that oc- 
curs in endoderm alone and for the direct formation 
of an array of previllous bumps, rather than zig- 
zags, which are qualitatively similar to sulcus for- 
mation on biaxially compressed gel surfaces that 
lack a stiff top layer (24). The spacing of bumps 
and, consequently, the spacing of villi are compa- 
rable to the thickness of the whole endoderm- 
mesenchyme composite (Fig. 6C), similar to chick. 

The process of villification occurs before the 
differentiation of the gut endoderm into various 
epithelial cell types (25-27) and well before the 
postnatal process of crypt formation. In vitro cul- 
ture of intestinal stem cells results in the forma- 
tion of intestinal organoids that reproduce crypt 
structure (28). These organoids consist of an 
inner epithelium with villuslike cell types and 
outwardly projecting cryptlike structures. How- 
ever, no morphological structures are present in 
these in vitro cultures resembling the physical 
villi. These results suggest that crypt formation 
likely does not require the same muscle-driven 
compression that is necessary for villi to form. 

Additionally, further study is needed to un- 
derstand whether structural differences in the 
lumen of different regions of the gut are attrib- 
utable to distinctions in the parameters we have 
measured. For example, the short, wide villi that 
coat large longitudinal folds of the chick colon 
may be attributable to the thicker muscle layers 
of the colon. Consistent with the muscle playing 
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such a role, studies have shown that transposi- 
tion of a ring containing all radial layers of the 
colon into regions of the small intestine preserve 
villi morphology (29). 

Our previous work provided a mechanical 
basis for the diversity of macroscopic looping 
patterns of the gut based on geometry, differen- 
tial growth, and tissue mechanics (30), and our 
present results demonstrate that the same phys- 
ical principles drive morphological variation on 
the luminal surface of the gut. Further, we see 
that relatively minor changes in the geometry, 
growth, and physical properties of the develop- 
ing tissue in the guts of various species can 
substantially alter both the process and the form 
of villus patterning. A deep understanding of how 
patterns vary requires us to combine our knowl- 
edge of biophysical mechanisms with the genetic 
control of cell proliferation and growth; indeed 
this variation can occur in an organism as a func- 
tion of its diet, across species, and over evolu- 
tionary time scales via natural selection. 
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Evidence for Water in the Rocky Debris 
of a Disrupted Extrasolar Minor Planet 


J. Farihi,* B. T. Gansicke,? D. Koester? 


The existence of water in extrasolar planetary systems is of great interest because it constrains the 
potential for habitable planets and life. We have identified a circumstellar disk that resulted 
from the destruction of a water-rich and rocky extrasolar minor planet. The parent body formed 
and evolved around a star somewhat more massive than the Sun, and the debris now closely orbits 
the white dwarf remnant of the star. The stellar atmosphere is polluted with metals accreted 
from the disk, including oxygen in excess of that expected for oxide minerals, indicating that the 
parent body was originally composed of 26% water by mass. This finding demonstrates that 
water-bearing planetesimals exist around A- and F-type stars that end their lives as white dwarfs. 
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and radius (and hence density) of these planets 
can be calculated from transit depth and radial 
velocity amplitude; however, estimates of their 
bulk composition remain degenerate and model- 
dependent. Transit spectroscopy offers some in- 
formation on giant exoplanet atmospheres (3), and 
planetesimal debris disks often reveal the signa- 
ture of emitting dust and gas species (4), yet both 
techniques only scratch the surface of planets, as- 
teroids, and comets. Interestingly, white dwarfs— 
the Earth-sized embers of stars like the Sun—offer 
a unique window onto terrestrial exoplanetary sys- 
tems: These stellar remnants can distill entire 
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planetesimals into their constituent elements, 
thus providing the bulk chemical composition for 
the building blocks of solid exoplanets. 

Owing to high surface gravities, any atmo- 
spheric heavy elements sink rapidly as white 
dwarfs cool below 25,000 K (5), leaving be- 
hind only hydrogen and helium in their outer- 
most layers—a prediction that is corroborated 
by observation (6). Those white dwarfs with rocky 
planetary system remnants can become con- 
taminated by the accretion of small, but spec- 
troscopically detectable, amounts of metals (7). 
Heavy element absorption lines in cool white 
dwarfs are a telltale of external pollution, often 
implying either ongoing mass accretion rates 
above 10° gs ' (8) or large asteroid-sized masses 
of metals within the convection zone of the 
star (9). 

In recent years, metal-rich dust (70, /7) and gas 
(12) disks, likely produced by the tidal disruption 
of a large asteroid (/3), have been observed to 
be closely orbiting 30 cool white dwarfs [e.g., 
(/4-19)] and provide a ready explanation for 
the metal absorption features seen in their atmo- 
spheres (20). The circumstellar material being 
gradually accreted by the white dwarf can be 
directly observed in the stellar photosphere to 
reveal its elemental abundances (2/). These plan- 
etary system remnants offer empirical insight 
into the assembly and chemistry of terrestrial exo- 
planets that is unavailable for any exoplanet or- 
biting a main-sequence star. 

Until now, no white dwarf has shown re- 
liable evidence for the accretion of water-rich, 
rocky planetary material. Unambiguous signa- 
tures of icy asteroids at white dwarfs should 
include (i) atmospheric metal pollution rich in 
refractory elements; (ii) trace oxygen in excess 
of that expected for metal oxides; (111) circum- 
stellar debris from which these elements are ac- 
creted; and, where applicable, (iv) trace hydrogen 
(in a helium-dominated atmosphere) sufficient 
to account for the excess oxygen as H,O. The 
presence of a circumstellar disk signals that ac- 
cretion is ongoing, identifies the source material, 
and enables a confident quantitative assessment 
of the accreted elemental abundances, which in 


Table 1. Oxide and water mass fractions in 
the planetary debris at GD 61. We adopt the 
steady-state values, which assume accretion-diffusion 
equilibrium. 

Oxygen carrier 


Steady state Early phase 


cO2 <0.002 <0.002 
MgO 0.17 0.18 
Al,03 <0.02 <0.02 
SiO, 0.32 0.27 
caO 0.02 0.01 
FeQ* 0.05 0.02 
Excess 0.42 0.50 
H20 in debris 0.26 0.33 


*All iron is assumed to be contained in FeO; some metallic Fe 
will modestly increase the excess oxygen. 
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turn allows a calculation of the water fraction of 
the disrupted parent body. 

The metal-enriched white dwarfs GD 362 and 
GD 16 both have circumstellar disks and relatively 
large trace hydrogen abundances in helium- 
dominated atmospheres (22), but as yet no as- 
sessment of photospheric oxygen is available 
(21, 23). These two stars have effective temper- 
atures below 12,000 K, and their trace hydrogen 
could potentially be the result of helium dredge- 
up in a previously hydrogen-rich atmosphere (24). 
The warmer, metal-lined white dwarfs GD 61 
and GD 378 have photospheric oxygen (25), but 
the accretion history of GD 378 is unconstrained 
(i.e., it does not have a detectable disk), and 
without this information, the atmospheric oxygen 
could be consistent with that contained in dry min- 
erals common in the inner solar system (26). In 
the case of GD 61, elemental abundance uncer- 
tainties have previously prevented a formally sig- 
nificant detection of oxygen excess (27). 

We used the Cosmic Origins Spectrograph 
(COS) onboard the Hubble Space Telescope to 
obtain ultraviolet spectroscopy of the white dwarf 
GD 61, and, together with supporting ground- 
based observations, we derived detections or lim- 
its for all the major rock-forming elements (O, 
Mg, Al, Si, Ca, Fe). These data permit a con- 
fident evaluation of the total oxygen fraction 
present in common silicates within the parent 
body of the infalling material, and we identified 
excess oxygen attributable to HO as follows. 
(i) The observed carbon deficiency indicates that 
this element has no impact on the total oxygen 
budget, even if every atom is delivered as CO3. 
(ii) The elements Mg, Al, Si, and Ca are as- 
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sumed to be carried as MgO, AlLO3, SiO2, and 
CaO at the measured or upper-limit abundance. 
(iii) The remaining oxygen exceeds that which 
can be bound in FeO, and the debris is interpreted 
to be water-rich. By this reasoning, we found oxy- 
gen in excess of that expected for anhydrous min- 
erals in the material at an H.O mass fraction of 
0.26 (Table 1 and Fig. 1). 

Because we have assumed the maximum al- 
lowed FeO, and because some fraction of metal- 
lic iron is possible, the inferred water fraction of 
the debris is actually bound between 0.26 and 
0.28. Although this makes little difference in the 
case of GD 61, where the parent body material 
appears distinctly mantle-like (27), there are at least 
two cases where metallic iron is a major (and 
even dominant) mass carrier within the parent 
bodies of circumstellar debris observed at white 
dwarfs (28). Overall, these data strongly suggest 
that the material observed in and around polluted 
white dwarfs had an origin in relatively massive 
and differentiated planetary bodies. 

We have assumed a steady state between ac- 
cretion and diffusion in GD 61. However, a typ- 
ical metal sinking time scale for this star is 10° 
years, and thus the infalling disk material could 
potentially be in an early phase of accretion where 
material accumulates in the outer layers, prior 
to appreciable sinking (27). In this early-phase 
scenario, the oxygen excess and water fraction 
would increase relative to those derived from 
the steady-state assumption, and hence we confi- 
dently conclude that the debris around GD 61 
originated in a water-rich parent body. Although 
the lifetimes of disks at white dwarfs are not 
robustly constrained, the best estimates imply 
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Fig. 1. Oxygen budget in GD 61 and terrestrial bodies. The first two columns are the early phase 
(EP) and steady-state (SS) fractions of oxygen carried by all the major rock-forming elements in GD 61, 
assuming that all iron is carried as FeO. Additional columns show the oxide compositions of the bulk 
silicate (crust plus mantle) Earth, Moon, Mars, and Vesta (35). Their totals do not reach 1.0 because trace 
oxides have been omitted. The overall chemistry of GD 61 is consistent with a body composed almost 
entirely of silicates, and thus appears relatively mantle-like but with substantial water. In contrast, Earth is 
relatively water-poor and contains approximately 0.023% H20 (1.4 x 10° g). 
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that the chance of catching GD 61 in an early 
phase is less than 1% (17, 29-31). 

The helium-rich nature of GD 61 permits an 
assessment of its trace hydrogen content and 
total asteroid mass for a single parent body. The 
total metal mass within the stellar convection 
zone is 1.3 x 10°! g, roughly equivalent to that 
of an asteroid 90 km in diameter. However, be- 
cause metals continuously sink, it is expected 
that the destroyed parent body was substantially 
more massive, unless the star is being observed 
shortly after the disruption event. In contrast, hy- 
drogen floats and accumulates, and thus places 
an upper limit on the total mass of accreted water- 
rich debris. If all the trace hydrogen were deliv- 
ered as H,O from a single planetesimal, the total 
accreted water mass would be 5.2 x 10°” g, anda 
26% HO mass fraction would imply a parent 
body mass of 2 x 107 g, which is similar to that 
of the main-belt asteroid 4 Vesta (32). 

These data imply that water in planetesi- 
mals can survive post—-main sequence evolution. 
One possibility is that solid or liquid water is 
retained beneath the surface of a sufficiently large 
(diameter >100 km) parent body (26), and is 
thus protected from heating and vaporization 
by the outermost layers. Upon shattering during 
a close approach with a white dwarf, any ex- 
posed water ice (and volatiles) should rapidly 
sublimate but will eventually fall onto the star; 
the feeble luminosities of white dwarfs are in- 
capable of removing even light gases by radia- 
tion pressure (3/). Another possibility is that a 
substantial mass of water is contained in hydrated 
minerals (e.g., phyllosilicates), as observed in main- 
belt asteroids via spectroscopy and inferred from 
the analysis of meteorites (33). In this case, the 
HO equivalent is not removed until much higher 
temperatures are attained, and such water-bearing 
asteroids may remain essentially unaffected by 
the giant phases of the host star. 

The white dwarf GD 61 contains the unmis- 
takable signature of a rocky minor planet anal- 
ogous to the asteroid 1 Ceres in water content 
(34) and probably analogous to Vesta in mass. 
The absence of detectable carbon indicates that 
the parent body of the circumstellar debris was 
not an icy planetesimal analogous to comets, but 
was instead similar in overall composition to 
asteroids in the outer main belt. This exoplan- 
etary system originated around an early A-type 
star that formed large planetesimals similar to 
those in the inner solar system that were the 
building blocks for Earth and other terrestrial 
planets. 
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Femtosecond Visualization 
of Lattice Dynamics in 
Shock-Compressed Matter 


D. Milathianaki,’* 5. Boutet,? G. J. Williams,’ A. Higginbotham,” D. Ratner,” 
A. E. Gleason,? M. Messerschmidt,? M. M. Seibert,”:* D. C. Swift,> P. Hering,* 


J. Robinson,? W. E. White,? J. S. Wark? 


The ultrafast evolution of microstructure is key to understanding high-pressure and strain-rate 
phenomena. However, the visualization of lattice dynamics at scales commensurate with those 

of atomistic simulations has been challenging. Here, we report femtosecond x-ray diffraction 
measurements unveiling the response of copper to laser shock-compression at peak normal elastic 
stresses of ~73 gigapascals (GPa) and strain rates of 10° per second. We capture the evolution 
of the lattice from a one-dimensional (1D) elastic to a 3D plastically relaxed state within a few tens 
of picoseconds, after reaching shear stresses of 18 GPa. Our in situ high-precision measurement of 
material strength at spatial (<1 micrometer) and temporal (<50 picoseconds) scales provides 

a direct comparison with multimillion-atom molecular dynamics simulations. 


he distinct properties of materials at high- 
pressure and/or strain-rate conditions lead 
to a broad range of phenomena in fields 
such as high-energy-density physics (/), Earth 
and planetary sciences (2, 3), aerospace engi- 
neering (4), and materials science (5, 6). For the 
latter, a predictive understanding and control 
of mechanical properties, enabled by the di- 


rect comparison of experiments with large-scale 
atomistic simulations, is the ultimate goal. Where- 
as the bulk material behavior can be inferred 
by macroscopic measurements (7, 8), key infor- 
mation on the mechanical properties requires 
knowledge of the physics embedded at the 
lattice level. Such knowledge has traditionally 
been obtained via nanosecond-resolution x-ray 
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diffraction measurements (9-14) from dynami- 
cally compressed samples that are tens of micro- 
meters in thickness. 

In recent years, molecular dynamics (MD) 
simulations (5—/8) on massively parallel com- 
puters have elucidated the orientation-dependent 
response of single-crystal samples to shock 
and ramp compression (/9, 20). Because of 
computational complexities, such simulations 
have interrogated spatial scales of <1 um and 
temporal scales of <1 ns. Specifically, MD sim- 
ulations have predicted that for picosecond 
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Fig. 1. Experimental configuration of the pump 
(optical laser) and lattice probe (LCLS) scheme. 
The lattice response of the shock-compressed 1-11m 
polycrystalline Cu films deposited on 85-tm <100> 
Si substrates was captured in a Debye-Scherrer geom- 
etry by a series of 48-fs snapshots. A preferential ori- 
entation of the Cu crystallites constrained the axis 
of the applied stress along the [111] direction. FEL, 
free electron laser; 0g, Bragg angle. 


Fig. 2. Raw data illustrating the Debye-Scherrer 
cone projections captured on the CSPAD detec- 
tor. (A) Projections from the Cu (111) and Cu (200) 
planes are displayed. The intensity of the Cu (111) 
plane is higher than expected from the calculated 
structure factors for a powder specimen because of 
texture. (B) A section of the diffraction ring is mag- 
nified, and its evolution is shown at 20-ps intervals. 
Movies $1 and $2 demonstrate the angular shift in 
the x-ray signal as a function of the lattice strain 
state, recorded at 10-ps intervals. 
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compression time scales, the response of a face- 
centered cubic crystal, such as Cu, should ini- 
tially be elastic up to very high strains (12 to 
20%), depending on crystallographic orienta- 
tion and strain rate (/5, 78). Similar behavior 
has been suggested by dislocation dynamics (DD) 
simulations (2/7). However, these results have 
remained largely unverified, either because in situ 
strain measurements have been indirect (22, 23) 
or because they had limited temporal and/or 
angular resolution (9, //, 1/2). We present high- 
precision x-ray diffraction measurements of the 
lattice evolution in laser-shocked polycrystalline 
Cu (24). A sequence of femtosecond snapshots 
at pump-probe intervals of 10 ps (correspond- 
ing to an incremental shock propagation dis- 
tance of ~55 nm) produced a lattice-level movie 
of the strain state within the material. As the 
x-ray pulse length was less than even the shortest 
phonon period, diffraction captured strain pro- 
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files in the absence of temporal smearing. Fur- 
thermore, the diffraction geometry was designed 
to differentiate between a purely elastic response 
and plastic relaxation resulting from the generation 
and motion of dislocations. The sample thick- 
ness (1 1m), stress rise time (<80 ps), and propa- 
gation time (~180 ps) were directly comparable 
with the spatial and temporal dimensions of 
MD simulations. 

The experiment was performed at the Co- 
herent X-ray Imaging Instrument (25) of the Linac 
Coherent Light Source (LCLS). An ablation- 
driven compression front was launched paral- 
lel to the sample normal and across a Gaussian 
260-um (1/e? diameter, where e is equal to 
2.718281828) focus using the 800 nm, <20 mJ, 
~170 ps (full width at half-maximum) output 
of a Ti:sapphire laser system (Fig. 1). The tex- 
ture of the polycrystalline Cu samples (~400-nm 
average grain size) was such that crystallites were 
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preferentially shocked along the <111> direction. 
Quasi-monochromatic (AE/E = 0.2 to 0.5%, 
where E£ is energy and AEF is the change in en- 
ergy) 8.8-keV x-ray pulses with 48-fs duration 
and an average of ~10'* photons per pulse were 
incident over a 30-by-30-um* spot. Diffraction 
rings were recorded from the (111) reflections on 
an in-vacuum, 2.3-megapixel array detector [the 
Cornell Stanford Pixel Array Detector (CSPAD)] 
(26) in a Debye-Scherrer geometry (27). Pump- 
probe delay scans with incremental 10-ps intervals 
allowed us to obtain a time series of x-ray dif- 
fraction patterns from the shock-compressed lat- 
tice (28). 

A full diffraction ring from the ambient sam- 
ple is shown in Fig. 2A, where the uniformity in 
signal intensity indicates rotational symmetry of 
the crystallites around the x-ray and shock axis. 
As the sample is uniaxially compressed, the strain 
profile across the sample depth results in an an- 
gular distribution of the diffracted x-rays that de- 
pends on the instantaneous elastic strains both 
parallel and perpendicular to the shock propaga- 
tion direction (28) (Fig. 2B and movies S1 and 


S2). Our Debye-Scherrer geometry allows a clear 
demarcation of elastic and hydrostatic responses. 
Specifically, the low ambient Bragg angle (19.8°) 
leads to a substantial difference in the angular 
shift of the x-rays for a given elastic strain along 
the shock propagation direction; if the sample 
response is purely elastic (i.e., e¢, the elastic 
strain along the shock direction, is finite, but 
ef =—e? = 0, where €% is the transverse elastic 
strain, and e? the transverse plastic strain) the 
angular shift is almost nine times less than 
that of a nearly hydrostatic response (where 
e6 = ef = -e?) (28). 

Azimuthal integration of the diffracted inten- 
sities as a function of x-ray scattering angle 20 
and for different delay times (Fig. 3A) shows (i) 
a reduction in intensity of the ambient (111) dif- 
fraction peak at 209 = 39.6°; (ii) the subsequent 
emergence of a diffraction peak at 28 = 40.4°, 
an angle that remains constant with laser irra- 
diance (fig. S1); and (iii) a broad feature extend- 
ing to scattering angle 20 ~ 43° at later delays. 
An understanding of these features in the time- 
dependent diffraction profiles can be gained via 
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comparison with simulated strain and diffrac- 
tion profiles (Fig. 3, B to D) calculated from a 
hydrocode incorporating a simple plasticity mod- 
el (28). 

To distinguish the diffraction features rep- 
resentative of the shock-induced strain state 
in the lattice, we divide the range of scatter- 
ing angles into regions I, II, and III (Fig. 3A). 
At any instant in time, the diffraction patterns 
are a superposition of the depth-dependent strain 
states along the entire sample thickness, as the 
x-ray probe depth at 8.8 keV in Cu is >> 1 um. 
The prominent feature in region I is the dif 
fraction peak from the unstrained (111) lattice 
plane at 209 = 39.6°. As the compression front 
traverses the sample, the ambient diffraction 
peak intensity decreases because of the reduc- 
tion in thickness of unstrained material. With- 
in the first 40 ps of shock propagation, the 
lattice exhibits a considerable elastic response 
that is evident in region II. Such response can 
be attributed to an initial homogeneous nu- 
cleation regime, as predicted by MD and DD 
simulations (/5, 2/), with duration depending 
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Fig. 3. Elastic and plastic strain profiles in shocked Cu and correspond- 
ing diffraction signal, as calculated from the captured x-ray data. (A) 
Experimental diffraction data resulting from the azimuthal integration around 
2x of the Cu (111) x-ray signal. The diffraction profiles are divided into three 
regions to illustrate the characteristic lattice response: region I, the unstrained 
lattice; region Il, the elastically compressed lattice; and region Ill, the lattice 
exhibiting three-dimensional relaxation. a.u., arbitrary units. (B) Simulated 


diffraction data resulting from the calculated strain profiles, showing good 
agreement with experiment. Discrepancies in the signal amplitude are mainly 
due to artifacts introduced in the azimuthal integration of the diffraction peaks 
by the area detector tiling, as well as the At = 0 synchronization uncertainty 
(~20 ps) in the time of arrival of the optical and x-ray pulse. (C) The modeled 
time-dependent normal elastic strain and (D) transverse plastic strain profiles 
versus sample depth. 
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Imaging Atomic Rearrangements in 
Two-Dimensional Silica Glass: 
Watching Silica’s Dance 


Pinshane Y. Huang,’ Simon Kurasch,2* Jonathan S. Alden,?* Ashivni Shekhawat,? 
Alexander A. Alemi,? Paul L. McEuen,?* James P. Sethna,® Ute Kaiser,” David A. Muller?’*+ 


Structural rearrangements control a wide range of behavior in amorphous materials, and 
visualizing these atomic-scale rearrangements is critical for developing and refining models 

for how glasses bend, break, and melt. It is difficult, however, to directly image atomic motion 
in disordered solids. We demonstrate that using aberration-corrected transmission electron 
microscopy, we can excite and image atomic rearrangements in a two-dimensional silica 
glass—revealing a complex dance of elastic and plastic deformations, phase transitions, and their 
interplay. We identified the strain associated with individual ring rearrangements, observed the 
role of vacancies in shear deformation, and quantified fluctuations at a glass/liquid interface. 
These examples illustrate the wide-ranging and fundamental materials physics that can now be 
studied at atomic-resolution via transmission electron microscopy of two-dimensional glasses. 


tructural rearrangements play a key role in 
controlling the basic properties of glassy and 
disordered solids. Yet, studies of phenome- 
na such as plastic deformation and phase change 
have been limited by the difficulty of tracking indi- 
vidual atoms in amorphous materials. As a result, 
many of the landmark studies on the atomic-scale 
underpinnings of these phenomena have been 
conducted by computer simulations (/—5) or with 
pseudo-atomic systems, such as micrometer-scale 
colloidal particles (6-8) or bubble-rafts (9), as stand- 
ins for atoms. To verify these findings, it is critical 
to develop experimental methods that can directly 
image the rearrangements of atoms in glasses. We 
demonstrate an approach to address this void: ap- 
plying aberration-corrected high-resolution trans- 
mission electron microscopy (TEM) to image and 
restructure a two-dimensional (2D) silica glass 
(0, 11). We first investigated the basic building 
blocks of plastic deformation by characterizing the 
strain around an isolated ring rearrangement. By 
comparing our experimental data with atomistic 
simulations, we show that, whereas the glass’s struc- 
tural disorder strongly affects its long-range elastic 
behavior, its short-range strain field resembles that 
of a crystal. Next, we investigated how multiple re- 
arrangements interact to produce shear. We observed 
distinct, localized zones whose differing motions 
each contributed to the larger-scale deformation. 
Finally, we analyzed rearrangements at a sharp, 
but fluctuating, glass/liquid interface. 
Two-dimensional silica is a layered polymorph 
of SiO,. Its crystalline phase is a honeycomb 
lattice with an in-plane lattice constant a = 5.4 A. 
Out-of-plane, it consists of two registered lay- 
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ers of SiO, tetrahedra (/0, 12). More interesting 
is the amorphous phase, shown in Fig. 1A and 
fig. S1. Amorphous 2D silica has an out-of-plane 
structure similar to that of its crystalline phase, 
but in-plane, it resembles the 2D continuous ran- 
dom network predicted by Zachariasen’s mod- 
el (/3). Unlike typical 3D glasses, this 2D glass 
can be imaged at atomic resolution (0, /7)}— 
generating considerable recent interest (/4—/6). 
Both phases can be synthesized in a chemical 
vapor deposition (CVD) furnace (0, 17) or grown 
by molecular beam epitaxy on metal substrates 
(11, 12). For this work, we used CVD-grown sil- 
ica supported on a graphene substrate (/7) from 
the same the batch of samples as discussed in 
(0). The graphene serves as a mostly transpar- 
ent, chemically inert imaging substrate (/8, 19). 

To image and induce atomic motion in the 2D 
silica, we used low-voltage, aberration-corrected 


Top 


high-resolution TEM at 80 kV. Similar techniques 
have been used to visualize structural transfor- 
mations such as molecular motions (20) and re- 
arrangements in 2D crystals such as graphene 
(21-26). The electron beam produces broad- 
beam illumination (~100 nm in diameter) with 
typical dose rates of ~1.4 x 10° electrons/nm” s and 
frame rates of ~1 to 2 s. With low probabilities, 
electrons can transfer sufficient local energy to 
eject atoms or break bonds through elastic or in- 
elastic scattering (27-30). These processes result in 
mobile (mainly oxygen) vacancies, which produce 
strain and enable plastic deformation, flow, and 
even local melting well below the glass transition 
temperature (27-30). For large atom displacements 
(>1 bond length) that change the local bonding 
configuration, we observed on the order of ~10 + 
displacements/nm” s in the bulk, or roughly one 
displacement every several images. Because these 
large atom displacements are relatively rare, we 
could use the electron beam both as a source for 
randomly induced structural rearrangements and 
as a probe to track the material’s response. 
These techniques produced videos of re- 
structuring, such as the isolated ring rearrange- 
ment shown in Fig. 1, B to E, and corresponding 
movie S1. Such rearrangements are worth ex- 
amining in detail because they are the building 
blocks of plastic deformation. Figure 1B shows a 
high-resolution TEM image of a small region of 
2D silica with a cluster of rings initially arranged 
in a 5-7-5-7 configuration. Each dark spot in the 
image represents the location of one structural 
unit: two stacked SiO, tetrahedra that are reg- 
istered out-of-plane. As we continued imaging 
(Fig. 1, C to E), the 5-7-5-7 cluster transformed 
into a 6-6-6-6 cluster. Surprisingly, the transfor- 
mation occurred over several frames. In the 12 s 
between the stable initial and final configurations, 
we observed several metastable intermediate states. 
A similar transformation has been modeled in (//). 


Fig. 1. Elastic and plastic deformation in ring exchange. (A) Cartoon models of the 2D silica structure. 
(B to E) TEM images showing a ring rearrangement that transforms a 5-7-5-7 cluster into a 6-6-6-6 cluster. The 
dark spots are Si-O-Si columns that correspond with the top and side views in (A). Images have been smoothed and 
Fourier-filtered to remove the graphene lattice background [see figs. S2 and $3 and (17)]. (F) A trajectory map of 
the atomic sites. Color (red to yellow) indicates time of motion. (G) Larger view of the region from (A), and (H) 
corresponding first-to-last frame displacement map. The arrows have been enlarged x2 to increase visibility; color 
indicates size of displacement, from 0 (dark blue) to >1.3 A (red). The region between the bond rearrangement 
and the edge of the sheet exhibits strong local rotation. Scale bars: 1 nm. See also movies $1 and S2. 


11 OCTOBER 2013. VOL 342 SCIENCE www.sciencemag.org 


We tracked the position of the atoms over 
time to measure elastic and plastic deformation 
in the glass. Each line in Fig. 1F represents the 
trajectory ofa single atomic site in Fig. 1, B to E. 
We produced these trajectories by cross-correlating 
our images to remove net motion, fitting Gaussians 
at each atomic site, and then tracking the atoms 
from frame to frame using particle-tracking soft- 
ware adapted from colloids research (/7, 37). Be- 
cause 2D silica contains two registered layers of 
SiO, tetrahedra and because Si atoms dominate 
the TEM image contrast, our methods effective- 
ly track the in-plane motion of Si pairs. The two 
trajectories in the center of Fig. 1F represent 
plastic deformation: atomic sites that break and 
form new bonds. We also see the small motions 
of nearby atoms that move relative to one another 
while retaining their nearest-neighbor bonding; 
these are elastic deformations. 

The elastic motion of atoms around the ring 
rearrangement is pronounced on larger length 
scales. Figure 1G shows an overview image of 
the bond rearrangement and its proximity to the 
edge of the silica sheet (right-hand side) (see 
also movies S1 and 82). Figure 1H shows the 
corresponding displacement vector field from 
the first to last frames, a time frame of At= 28 s. 
The displacement field is dominated by a strong 
local rotation in the region between the ring ex- 
change and the edge of the sheet. 

We examined the correlation between elastic 
and plastic deformations by analyzing the short- 
range elastic behavior, as shown in Fig. 2, A to H. 
Using our tracking data, we took the spatial de- 
rivative of the displacement field. This produced 
the displacement gradient field, which could be 
separated into its symmetric component, the 2D 
strain tensor €, and its antisymmetric component, 
the local rotation matrix @ (32). We plot the mag- 
nified, independent experimental components 
of € and @ in Fig. 2, A to D. These components 
respectively represent the local volume change, 
shear, and local rotation. In this analysis, the 
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Fig. 2. Strain analysis of 5-7-5-7 to 6-6-6-6 ring exchange. (A to D) Ex- 
perimental strain components representing (A) the local volume change (€,. + €y,), 
(B and C) shear components (e,y and €,,-€yy), and (D) the local rotation () due 


motion of the two middle atoms has been re- 
moved to isolate the elastic behavior. 

To understand these strain components, we 
conducted molecular dynamics simulations of 
the ring exchange using the large-scale atomic/ 
molecular massively parallel simulator (LAMMPS) 
(17, 33). We first produced relaxed structures of 
2D silica crystals embedded with either a 5-7-5-7 
or 6-6-6-6 cluster. These structures simulate our 
before-and-after atom configurations and can be 
processed with the same methods as our experi- 
mental images. The resulting ¢ and @ components 
are shown in Fig. 2, E to H. The agreement be- 
tween our simulations and experiment provides 
evidence that our observed elastic displacements 
are directly correlated to the plastic deformation 
of the ring exchange and likely represent the re- 
laxation of the structure around the new ring con- 
figuration. Our experimental strain fields also 
match those of an elastic dipole (34), suggesting 
that even at the atomic scale, continuum elastic 
mechanics can provide a good model for atomic 
rearrangements (fig. S4). Finally, the agreement 
between (amorphous) experiment and (crystalline) 
simulation suggests that on very short length scales 
(<1.5 nm), the elastic response of the amorphous 
material is similar to that of a crystal—in much 
the same way that the short-range order of amor- 
phous and crystalline materials are also similar. 

On larger length scales, however, the elastic 
deformation of our system deviates from that of 
an infinite crystal. Figure 2, I to L, shows LAMMPS 
simulations of displacement fields for a 5-7-5-7 
to 6-6-6-6 ring exchange representing four cases: 
a crystal (Fig. 21), an amorphous sheet (Fig. 2J), 
and crystalline and amorphous sheets with an 
edge (Fig. 2, K and L). These plots separate the 
key effects contributing to the experimental be- 
havior seen in Fig. 1H. The “crystal” simulation 
in Fig. 2] displays a highly symmetric displace- 
ment field that lacks agreement with our experi- 
mental data. In Fig. 2J, adding structural disorder 
to simulate an “amorphous” structure damps the 
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to the ring exchange in Fig. 1. Each component is calculated by comparing the 
position of atoms between the first and last frames, excluding the two atoms at the center of the bond exchange to isolate elastic behavior (17). Overlaid 
polygons show the original ring configuration. Scale bars: 1 nm. (E to H) LAAMPS simulations for the 5-7-5-7 to 6-6-6-6 ring exchange in crystalline 2D silica. 
(I to L) Simulated displacement maps isolating the effects of structural and edge disorder. Arrows have been enlarged x4 for visibility. Color scale is from 0 


(dark blue) to >1 A (red). Scale bars: 1 nm. 
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symmetry of the strain field and improves agree- 
ment with experiment. In Fig. 2, K and L, adding 
an edge strongly enhances the displacements be- 
tween the ring exchange and the edge. Figure 2L 
yields qualitative agreement with the experimen- 
tal results in Fig. 1H. 

In crystals, plastic deformation frequently oc- 
curs by introducing and migrating dislocations 
through the lattice. For amorphous materials, 
however, this process is far less well understood. 
One model proposes that deformation in amor- 
phous materials is mediated by shear transforma- 
tion zones—concentrated, local regions of shear 
strain that rearrange and interact to produce net 
deformation (/, 4, 6). Shear transformation zones 
have been directly observed in colloidal glasses 
and have been proposed as a model for metallic 
glasses (6). 

Figure 3A shows atomic trajectories in a re- 
gion undergoing shear, shown in Fig. 3B (see 
also fig. SS and movie S3). Shear deformation 
is apparent when comparing the trajectories of 
atomic sites in region | (top left) and region 3 
(bottom right). Although most atoms in region 1 
oscillate near their original positions (highlighted 
in the enlarged atom trajectory and before-and- 
after bond configuration in Fig. 3C), the atoms in 
region 3 collectively displace by ~2.4 A relative 
to region | (Fig. 3D). The mechanisms enabling 
this displacement are visible in regions 2 and 4, 
which separate the two displacing regions. Both 
regions 2 and 4 contain a large number of ring 
rearrangements; one isolated example is shown 
in Fig. 3E. These rearrangements appear to be 
mediated by nearby defects: Region 4 is at the 
edge of the solid, whereas region 2 contains a 
handful of vacancies (arrows in Fig. 3B). Over 
the course of the video, this vacancy-induced re- 
structuring gradually changes the bonds con- 
necting regions | and 3, enabling their relative 
displacement. Although the uniform electron beam 
cannot directly apply shear forces, possible sources 
of shear stress include forces applied from the edge 
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of the sheet by the surrounding material, interac- 
tions with the graphene substrate, or internal strain 
in the disordered silica. Our observation of localized 
regions of large rearrangements suggests a cova- 
lently bonded molecular glass analog for the shear 
transformation zones seen in other glassy systems. 

Figure 4 shows a third class of dynamics that 
we studied, the rearrangements of atoms at the 
edge of the 2D sheet. One common way to dis- 
tinguish solids and liquids is their behavior under 
stress. Under stress, typical solids exhibit first a 
linear strain in the elastic regime, followed by a 
nonlinear stress-strain curve in the plastic regime. 
This onset of nonlinearity reflects, in part, the ac- 
tivation energy to form and migrate dislocations 
in crystals, or to nucleate similar rearrangements 
such as shear transformations in amorphous solids. 
These rearrangements produce long-range strain 


fields. In these respects, the rearrangements ob- 
served in the glassy 2D silica discussed above 
typify the behavior of solids under stress. 

In addition to these “solid-like” behaviors that 
we observed in our 2D glassy phase, we also ob- 
served the formation of a second phase, high- 
lighted in blue. This phase is distinguished by its 
fast mean atomic displacements (>1 bond length 
between frames) under the electron beam. Im- 
portantly, because of its fast rearrangement time 
scales, this phase is “liquid-like” on the imaging 
time scales: Under the effective heat bath of the 
electron beam, it rearranges too quickly to sup- 
port stresses. These characteristics make our sys- 
tem a nonequilibrium analogy to the equilibrium 
solid-liquid interface. Electron energy loss spec- 
troscopy confirms that this second phase is com- 
posed of oxygen-deficient silica, which has been 
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Fig. 3. Imaging and trajectories of shear deformation. (A) Trajectory map over 74 s. The original 
image is shown in (B), where purple arrows indicate vacancies. The trajectories show four regions with 
distinct types of motion: oscillation around initial positions (region 1), gradual displacement by ~2.4 A 
(region 3), and ring rearrangements near vacancies (region 2) or at the edge of the sheet (region 4). The 
shear strain and bond rearrangements appear directly related: The restructuring in regions 2 and 4 changes 
the bonds connecting regions 1 and 3, enabling their relative displacement. (C to E) Magnified trajectories 
(left) and before-and-after bonding configurations (right). (C) oscillates near its original position; (D) moves 
under shear; and (E) undergoes bond rearrangement. See also movie $3. Scale bars: 2 nm. 


Fig. 4. Restructuring at the edge of the 2D silica sheet. (A to D) Image series of interfacial 
restructuring. The solid phase is false-colored yellow, with red highlighting the regions of largest 
rearrangement relative to the first frame (17). The “liquid-like” phase is colored blue. Scale bar: 2 nm. See 
also movies S4 and $5. (E) Mean squared displacement (|Ax/d|*) of “solid” atoms versus their 
distance r from the edge for time intervals of At = 1, 3, and 5 s. Both axes are normalized by d, the 
mean in-plane Si-Si spacing. Atoms near the edge move faster than atoms in the bulk. 


shown to rearrange more quickly under electron 
irradiation than stoichiometric SiO, (28). Struc- 
turally, this material may be composed of rapid- 
ly rearranging 3D amorphous silicon suboxide, 
monotetrahedral layers of silica, out-of-plane mis- 
matched bitetrahedral layers, or combinations 
thereof. The structure of this interface is unusual: 
It resembles neither the sharp, faceted surfaces at 
crystal/liquid interfaces (35, 36) reported in the 
literature, nor the gradual evolution in properties 
that are typical in thermally driven glass/liquid 
transitions (7, 8). The transition between the two 
phases occurs over ~1 nm (Fig. 4A, on the blue 
side of the interface). 

Figure 4, A to D, shows the time evolution of 
the interface. In Fig. 4, B to D, “solid-like” re- 
gions that have undergone the most displace- 
ment relative to their initial configurations are 
highlighted in red (/7). The fastest-moving atoms 
are concentrated near the edge of the sheet in 
each frame; here, large sections dissociate and 
re-form several times over the course of the video, 
producing new arrangements and sizes of rings 
with no apparent memory of the previous state. 
Figure 4E plots the mean squared displacement 
of atoms in the solid, which increases markedly 
with proximity to the edge of the sheet for all time 
intervals measured. This increased motion consists 
of both increased elastic motion and bond rear- 
rangements of atoms near the edge. An increase 
in mean displacements at solid/liquid interfaces 
has also been observed in hard-sphere colloids 
(37). During the video, the area of the solid and 
length of the interface fluctuate without increasing 
or decreasing measurably (fig. S6 and movies 
S4 and S5), indicating that we are observing the 
sample near a steady state rather than simply 
damage-related degradation of the solid. 

We have demonstrated a promising avenue 
for understanding the structure and dynamics 
of glasses through atomic resolution imaging 
of 2D glasses. Future work that combines these 
techniques with well-defined in situ stimuli, such 
as heating, straining, and electrical biasing, should 
further extend the potential of these techniques, 
making it possible to correlate microscopic rear- 
rangements with bulk thermodynamic properties. 
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Waveform Tomography Reveals 
Channeled Flow at the Base 
of the Oceanic Asthenosphere 


Scott French,? Vedran Lekic,* Barbara Romanowicz 


1,3,4% 


Understanding the relationship between different scales of convection that drive plate motions 
and hotspot volcanism still eludes geophysicists. Using full-waveform seismic tomography, we 
imaged a pattern of horizontally elongated bands of low shear velocity, most prominent between 
200 and 350 kilometers depth, which extends below the well-developed low-velocity zone. 

These quasi-periodic fingerlike structures of wavelength ~2000 kilometers align parallel to the 
direction of absolute plate motion for thousands of kilometers. Below 400 kilometers depth, 
velocity structure is organized into fewer, undulating but vertically coherent, low-velocity plumelike 
features, which appear rooted in the lower mantle. This suggests the presence of a dynamic interplay 
between plate-driven flow in the low-velocity zone and active influx of low-rigidity material from 
deep mantle sources deflected horizontally beneath the moving top boundary layer. 


antle convection is responsible for driv- 

ing plate motions on Earth, but the de- 

tailed morphology of convection patterns 
remains unresolved. Because seismic velocities 
are affected by temperature, and seismic anisot- 
ropy is affected by alignment of crystals, seismic 
tomography can be used to map the patterns of 
flow in the earth’s mantle. Global seismic mantle 
tomography has provided important constraints 
on the long-wavelength shear-velocity structure, 
highlighting in particular the correlation of veloc- 
ity patterns in the top 200 km with surface tec- 
tonics and documenting the widespread presence 
of the low-velocity zone (LVZ) under ocean basins. 
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Likewise, the presence of two antipodal large low- 
shear-velocity provinces (LLSVPs) at the base 
of the mantle under the central Pacific and Africa 
is a robust feature of all tomographic models (/). 
Hotspots appear to be located preferentially above 
the LLSVPs (2) or on their borders (3). There is 
also a striking correlation at long wavelengths 
between the location of the LLSVPs and high 
attenuation in the mantle transition zone (4). How- 
ever, plume conduits (5, 6) and roll-like secondary 
convection patterns (7) remain difficult to image 
tomographically. 

We used full-waveform inversion, coupled 
with synthetic seismogram computation using 
the Spectral Element Method, to image global 
radially anisotropic shear-velocity (Vs) structure 
at upper-mantle and transition-zone depths. This 
approach is well suited to remedy the known lim- 
itations of classical tomographic techniques (8), 
as already demonstrated at the local (9) and re- 
gional (/0) scales. Our second-generation global 


model, SEMum2, refines an earlier one developed 
by our group (//) and in particular includes a 
more realistic crust (supplementary text and figs. 
S1 to S4). Compared with other global shear- 
velocity models (figs. SS to S8), SEMum2 more 
accurately recovers both the depth and strength 
of the low-velocity minimum under ridges. It also 
shows stronger velocity minima in the LVZ, a more 
continuous signature of fast velocities in subduc- 
tion zones, and stronger, clearly defined, low- 
velocity “conduits” under the Pacific Superswell 
(12) while confirming the robust long-wavelength 
structure imaged in previous studies (supplemen- 
tary text S2.3 and figs. S7 and S8), such as the 
progressive weakening and deepening of the 
oceanic LVZ with overlying plate age. 

Cluster analysis (/3) of Vs profiles in the depth 
range 30 to 350 km in SEMum2 (supplementary 
text S3) provides an objective way to analyze 
the model and isolates an anomalously low- 
velocity region—most prominent in the depth 
range 200 to 350 km although also reflected in 
the overlying LVZ (Fig. 1, A and B, and fig. S9), 
organized in elongated bands, and clearest on 
the Pacific plate (Fig. 1A), where it spans from 
~100 million-year-old ocean floor to the East 
Pacific Rise (EPR). In a map view of SEMum2 
at a depth of 250 km (Fig. 2A), these promi- 
nent structures appear as fingerlike zones of 
significantly slower-than-average Vs (~3 to 4%). 
They are also present under other plates: off 
west Antarctica, in some parts of the North and 
South Atlantic and western Indian Oceans, and 
possibly in the southwestern part of the Aus- 
tralian plate (Fig. 2A and fig. S10). These finger- 
like structures are not only well-resolved in the 
SEMum2 model but also are robust with respect 
to estimated model uncertainties, are compati- 
ble with independent waveform data, and cannot 
be explained by unmapped azimuthal anisotro- 
py in our inversion (supplementary text S4 and 
figs. S13 to S17). 
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We find that these low-velocity fingers (LVFs) 
are oriented subparallel to the direction of ab- 
solute plate motion (APM) (Fig. 2B and sup- 
plementary text S5.1) (/4). Perpendicular to the 
APM, the alternating zones of very low and some- 
what higher-than-average Vs have a wavelength 
of ~2000 km, as illustrated in depth cross-sections 
on the Pacific Plate (Fig. 3, B and C). This wave- 
length corresponds to a peak in power in the 
geoid, as determined with directional wavelet 
analysis, which is also aligned with the direction 
of the APM (fig. S11 and supplementary text 5.3) 
(/5). In cross-section parallel to the APM, the 
contrast in structure at depth within and adjacent 
to the LVFs is very clear (Fig. 3, D and E). The 
LVFs extend for many thousands of kilometers 
and reach beneath the conventional LVZ, which 
bottoms at an approximately constant depth of 
~150 to 200 km (Fig. 3D). Below 200 km, ve- 
locities are as low within the LVFs as they are 
between fingers in the LVZ, despite the greater 
depth (Fig. 3). In contrast, the EPR itself is a 
shallow feature in isotropic Vg (fig. S6) but stands 
out in radial anisotropy as a zone where Vy > 
Vsy in the depth range 150 to 300 km (fig. S12C). 
This indicates that dominantly horizontal flow 
in the LVFs away from the ridge transitions to 
dominantly vertical flow under the ridge. Al- 
though local minima in the LVZ are associated 
with the LVFs, the strongest minima in the LVZ 
appear under ridges (Fig. 3 and fig. S12). 

Such alternating zones of high and low ve- 
locities have previously been found along the 
Fiji-Hawaii corridor (/6), and an elongate band 
of low velocities, within a similar depth range to 
the LVFs, has recently been imaged in the south 
Atlantic (/7). At a smaller scale, tomographic 
maps based on the PLUME experiment (/8, 19) 
show a zone of fast velocities surrounding Hawaii, 
particularly strong in Vg to the southwest near 
300 km depth. In our model, this corresponds to 
a domain of higher velocities between LVFs. Our 
study thus ties together these isolated observa- 
tions, suggesting that they are manifestations of 
a single, consistent, large-scale pattern of LVFs 
(Figs. 2 and 3) aligned with the APM, present in 
the oceans worldwide, and extending in a nar- 
row depth range below the LVZ. 

At the global scale, many of the fingers un- 
derlie regions associated with hotspot tracks or 
seamount chains: for example, in the northwest 
Atlantic, the New England seamount chain, in 
the South Atlantic, the Walvis ridge, or the Cape 
Verde track, and in the Indian Ocean, portions of 
the Reunion hotspot track (Fig. 2 and fig. S10). 
In contrast to the top 300 km, deeper Vs structure 
in the region spanning from the Pacific Superswell 
to Hawaii is characterized by vertically elongated 
plumelike conduits (Fig. 4). Not all LVFs are 
connected to the conduits below, and the latter 
are not straight, but meander with depth and ap- 
pear to be rooted in the lower mantle. The main 
hotspots in the central Pacific are located gen- 
erally in the vicinity of the deep conduits but not 
immediately above them (Fig. 4D). 


Although the resolution of our modeling enables 
the detection of the stronger mantle upwellings, 
such as those beneath Hawaii and the Superswell, 
the actual plume conduits could be narrower, 


Cluster extent 


and other, weaker ones, may not yet be resolved 
and will necessitate modeling at shorter periods 
(6). The absence of a direct vertical correspon- 
dence between hotspot locations and the imaged 
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Fig. 1. Cluster analysis of oceanic upper-mantle shear velocity. (A) Pacific portion of a global 
cluster analysis (13) of model SEMum2 assuming four regions in the oceans (supplementary text S3). 
(B) Corresponding average depth profiles in each of the four regions (global average also shown, black 


dashed line). 


A 


© Hotspots APM paths din V.(%) -4.0 = +4.0 


Fig. 2. Shear-velocity structure and absolute plate motion. (A) Map view of relative isotropic Vs; 
variations (percent) from the mean at 250 km. (B) Identical to (A) but with plate-motion streamlines 
(broken lines) from the APM model of Kreemer (14). Green circles denote hotspot locations from 
Steinberger (30). 
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plumes suggests a complex interaction of the 
upwelling flow with the lithosphere (20). Above 
~350 km depth, two interacting structural patterns 
appear to dominate: (i) the increasing depth and 
decreasing strength of the LVZ as a function of 
age in the depth range 50 to 200 km (Fig. 1B) and 
(ii) the difference in velocity—and therefore like- 
ly temperature and/or composition, as well as 
viscosity—within and outside of LVFs (Figs. 
1B and 3 and supplementary text S5.2). In some 
locations, the LVFs appear to feed from the quasi- 
vertical conduits, suggesting deflection and chan- 
neling in the asthenosphere of active upwelling 
from low-viscosity plumes—similar to viscous 
fingering experiments in which a low-viscosity fluid 
is injected between two rigid horizontal plates 
or stratified, higher-viscosity fluids (27). This hori- 
zontally deflected flow then aligns in the direction 
of plate motion, driven by a combination of as- 
thenospheric return flow (22, 23) and upwelling- 
induced flow directed toward pressure minima at 
ridges (24-26). The pattern of radial anisotropy 
in the vicinity of the ridge (fig. S$12C) further sup- 
ports active ridge-ward flow in these channels. 
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Fig. 3. Low-velocity fingers in cross-section. (A) Map view of relative 
isotropic V; variations at 250 km depth, with location of depth profiles shown 
in (B) to (E). (B and C) Absolute variations in isotropic V; along two profiles 
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Active influx from deep upwellings deflected toward 
the ridge may be enhanced by flow in a narrow 
low-viscosity layer (27). The absence of any distinct 
deeper low-velocity structure beneath ridges (fig. 
S6), and the fact that some of the LVFs terminate 
at ridges (such as the Antarctic plate), confirms the 
passive nature of mantle upwelling beneath ridges. 

Whether or not these observations can be ex- 
plained by viscous fingering and channelization 
alone or in combination with other phenomena, 
such as secondary convection, is unknown. Other 
studies have described evidence for viscous fin- 
gering on the Pacific plate, aligned with the plate 
motion, albeit at an order-of-magnitude smaller 
spatial scale than seen here (23). The width of the 
fingers we observed (~1000 km) is large com- 
pared with the thickness of the channel (up to 
350 km), whereas typical scaling in laboratory 
or numerical fingering experiments obtain a 
width-to-thickness ratio of ~2 (21). Secondary 
convection in the form of Richter rolls occurs 
with a horizontal-to-vertical scaling of 1 [albeit 
in a constant-viscosity fluid (7), a condition 
quite different from that in the Earth] but has 


Depth (km) 
QO ow 


— 
So 
So 

cy, 


2000km 


0 1000 2000 3000 


4000 5000 6000 £7000 


\ 
6 


4000 
APM-normal distance along section (km) 


REPORTS [ 


previously been sought in the upper mantle at 
smaller scales than seen here (28). The LVFs 
are observed both below the fast spreading Pacific 
plate, where roll-like secondary convection may 
be expected, and below slow-moving plates [for 
example, the Antarctic plate (Fig. 2 and fig. S18) 
and the Atlantic Ocean (fig. S19)], where Richter 
rolls are unlikely to form. Comparison of the LVFs 
and Pacific geoid undulations with the same ori- 
entation and wavelength (fig. S11) (/5) may also 
provide insight into causative dynamics. Indeed, 
in a simple Richter-like secondary convection sce- 
nario one would expect the bands of quasi-APM 
orientation in the geoid to be aligned vertically 
with the up- (LVF) and down-welling (inter-LVF) 
limbs. Instead, the LVFs fall at the edges or between 
these features—an observation more consistent 
with the presence of channelized flow (supple- 
mentary text $5.3). A further clue as to the nature 
and origin of the global pattem of LVFs that we 
document here might come from the geochemistry 
of mid-ocean ridge basalts, whose long-wavelength 
isotopic anomalies fluctuate with a similar pat- 
tern along the mid-Atlantic Ridge (29). 
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perpendicular to the APM. (D and E) Same as (B) and (C) for profiles parallel 
to the APM: (D) between two LVFs and (E) along an LVF. Green circles in (A) 
denote hotspots of Steinberger (30). 
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Fig. 4. Three-dimensional rendering of SEMum2 shear-velocity struc- 
ture. Isotropic relative V; variations in the central Pacific region (from the 
Superswell north to Hawaii) viewed from (A) the south, (B) the east and (C) 
the north. Minimum and maximum isosurface levels are —3 and —1%, re- 
spectively. In (A), the LVZ becomes thinner to the west, and the LVF disap- 
pears at the Tonga-Fiji subduction zone. In (B), the LVFs appear clearly 
separated from one another in the direction perpendicular to the APM. The 
absence of pronounced horizontally elongated low velocities below 200 km 
depth between fingers is visible in (C). Below 300 to 400 km, the low ve- 


locities are organized into predominantly vertical plume-like features. In 
particular, the Hawaiian “plume” appears east of Hawaii at the bottom of 
our model (1000 km depth) then turns to the northwest, before being 
deflected eastward again just below the LVF [(B) and (C)]. (D) View from the 
top shows the geographic location of the box and major hotspots in relation 
to the low-velocity conduits, rendered here at 500 km depth: 1, Hawaii; 2, 
Samoa; 3, Marquesas; 4, Tahiti 5, Pitcairn; and 6, Macdonald. The magenta 
outline indicates the location of the Tonga-Fiji subduction zone. Hotspot 
locations are those of Steinberger (30). 


References and Notes 14. C. Kreemer, J. Geophys. Res. 114, B10405 (2009). 29. A. W. Hofmann, in Treatise on Geochemistry Update 1, 


230 


1. V. Lekic, S. Cottaar, A. M. Dziewonski, B. Romanowicz, 15. M. Hayn et al., Geophys. J. Int. 189, 1430-1456 H. D. Holland, K. K. Turekian, Eds. (Elsevier, New York, 
Earth Planet. Sci. Lett. 357-358, 68-77 (2012). (2012). 2007), vol. 2.03, pp. 1-44. 
2. M. Richards, D. Engebretson, Nature 355, 437-440 16. R. Katzman, L. Zhao, T. H. Jordan, J. Geophys. Res. 103, 30. B. Steinberger, J. Geophys. Res. 105, 11,127-11,152 (2000). 
(1992). 17933-17971 (1998). 
3. A. Davaille, E. Stutzmann, G. Silveira, J. Besse, V. Courtillot, 17. L. Coli, A. Fichtner, H.-P. Bunge, Tectonophysics, published Acknowledgments: We thank A. Davaille, C. Jaupart, and 
Earth Planet. Sci. Lett. 239, 233-252 (2005). online 27 June 2013 (10.1016/j.tecto.2013.06.015). D. Shim for helpful discussions. This work was supported by the 
4. B. Romanowicz, Y. C. Gung, Science 296, 513-516 18. C. J. Wolfe et al., Earth Planet. Sci. Lett. 303, 267-280 __ National Science Foundation (NSF) (grant EAR-0738284). 
(2002). (2011). S.F. acknowledges support from a NSF Graduate Research 
5. W. J. Morgan, Nature 230, 42-43 (1971). 19. G. Laske et al., Geophys. J. Int. 187, 1725-1742 (2011). Fellowship. Our waveform data set was collected from the 
6. F. Rickers, A. Fichtner, J. Trampert, Geophys. J. Int. 190, 20. J. M. O'Connor et al., Nat. Geosci. 5, 735-738 (2012). Incorporated Research Institutions for Seismology (www. iris.edu). 
650-664 (2012). 21. D. Snyder, S. Tait, J. Fluid Mech. 369, 1-21 (1998). Computations were performed at the National Energy Research 
7. F. M. Richter, B. Parsons, J. Geophys. Res. 80, 2529-2541 22. }. Phipps Morgan, W. J. Morgan, Y.-S. Zhang, Scientific Computing Center (supported by the U.S. Department of 
(1975). W. H. F. Smith, J. Geophys. Res. 100, (B7), Energy Office of Science, contract DE-ACO2-05CH11231), This is 
8. G. Nolet, F. A. Dahlen, J. Geophys. Res. 105, (B8), 12,753-12,767 (1995). Berkeley Seismological Laboratory contribution 13-13. The 
19043-19054 (2000). 23. N. Harmon, D. W. Forsyth, D. S. Weeraratne, Y. Yang, SEMum2 model is available at http://seismo.berkeley.edu/ 
9. C. Tape, Q. Liu, A. Maggi, J. Tromp, Science 325, 988-992 S.C. Webb, Earth Planet. Sci. Lett. 311, 306-315 (201, ~*TenclvSEMume. 
(2009). 24. D. R. Toomey et al., Earth Planet. Sci. Lett. 200, 
10. A. Fichtner, B. L. N. Kennett, H. Igel, H.-P. Bunge, 287-295 (2002). Supplementary Materials 
Geophys. J. Int. 179, 1703-1725 (2009). 25. J. K. Hillier, A. B. Watts, J. Geophys. Res. 109, B10102 _ www.sciencemag.org/content/342/6155/227/suppUDC1 
11. V. Leki¢, B. Romanowicz, Geophys. J. Int. 185, 799-831 (2004). Supplementary Text 
(2011a). 26. M. D. Ballmer, C. P. Conrad, E. |. Smith, N. Harmon, Figs. $1 to $19 
12. M. K. McNutt, K. M. Fischer, in Seamounts, Islands Geology 41, 479-482 (2013). Table S1 
and Atolls, Geophysical Monographs Series 43, 27. T. Héink, A. Lenardic, M. Richards, Geophys. J. Int. 191, References (31-60) 
B. H. Keating et al., Eds. (AGU, Washington D. C., 1987), 30-41 (2012). 
pp. 25-34. 28. M. D. Ballmer, J. van Hunen, G. Ito, T. A. Bianco, 17 April 2013; accepted 26 August 2013 
13. V. Lekic, B. Romanowicz, Earth Planet. Sci. Lett. 308, P. J. Tackley, Geochem. Geophys. Geosyst. 10, GC002386 _—- Published online 5 September 2013; 


151-160 (2011b). 


(2009). 


10.1126/science.1241514 


11 OCTOBER 2013 VOL 342 SCIENCE www.sciencemag.org 


RNA Interference Functions 
as an Antiviral Immunity Mechanism 


in Mammals 


Yang Li,** Jinfeng Lu,“?* Yanhong Han,* Xiaoxu Fan,? Shou-Wei Ding*+ 


Diverse eukaryotic hosts produce virus-derived small interfering RNAs (siRNAs) to direct antiviral 
immunity by RNA interference (RNAi). However, it remains unknown whether the mammalian 
RNAi pathway has a natural antiviral function. Here, we show that infection of hamster cells and 
suckling mice by Nodamura virus (NoV), a mosquito-transmissible RNA virus, requires RNAi 
suppression by its B2 protein. Loss of B2 expression or its suppressor activity leads to abundant 
production of viral siRNAs and rapid clearance of the mutant viruses in mice. However, viral small 
RNAs detected during virulent infection by NoV do not have the properties of canonical siRNAs. 
These findings have parallels with the induction and suppression of antiviral RNAi by the related 
Flock house virus in fruit flies and nematodes and reveal a mammalian antiviral immunity 


mechanism mediated by RNAi. 


NA interference (RNAj) acts as a natu- 
R= antiviral defense in plants, insects, 
nematodes, and fungi; accordingly, viru- 
lent infection in these organisms requires sup- 


pression of antiviral RNAi by a virus-encoded 
suppressor of RNAi (VSR) (/—/2). Induction of 
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antiviral RNAi depends on the processing of 
virus-specific double-stranded RNA (dsRNA) 
by Dicer nuclease into 21- to 24-nucleotide (nt) 
small interfering RNAs (siRNAs), which are 
short dsRNAs with two unpaired nucleotides at 
the 3’ end of either strand (/—9). Mammalian vi- 
ral mRNAs are as susceptible as cellular mRNAs 
to RNAi programmed by synthetic siRNAs, and 
virus-derived small RNAs (vsRNAs) are found 
in mammalian cells infected by RNA viruses 
(9, 13, 14). Mammalian viral proteins that can 
suppress insect and plant RNAi or artificially in- 
duced RNAi in mammalian cells have been iden- 
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tified, and the virulence function of one such 
protein can be complemented by distinct siRNA- 
sequestering plant VSRs (9, /5—19). However, 
it remains unknown whether virus infection 
triggers production of canonical viral siRNAs in 
mammals or if mammalian virus infections re- 
quire specific suppression of an antiviral RNAi 
response (9). 

Nodamura virus (NoV) is mosquito-transmissible, 
highly virulent to suckling mice and suckling ham- 
sters, and belongs to the same bipartite positive- 
strand RNA virus genus as Flock house virus 
(FHV), an insect pathogen (20). FHV infection 
in Drosophila requires expression of its VSR pro- 
tein B2, a dsRNA-binding protein, to inhibit Dicer 
processing of dsRNA viral replication intermedi- 
ates into siRNAs (3, /2, 2/—24). Clearance of a 
B2-deficient FHV mutant in cultured Drosophila 
cells is therefore associated with abundant accu- 
mulation of viral siRNAs (24). Because the B2 
ortholog of NoV exhibits similar in vitro VSR 
activities and suppresses experimental RNAi in 
mammalian cells (/5, 16, 24), we reasoned that 
use of NoVAB2, a B2-deficient mutant of NoV 
(25), to challenge baby hamster kidney 21 (BHK- 
21) cells might facilitate detection of mammalian 
viral siRNAs. In two independent experiments, 
we compared deep sequencing profiles of 18- to 
28-nt small RNAs from BHK-21 cells 2 or 3 days 
postinoculation (dpi) with either NoV or NoVAB2. 
In cells infected by NoV, vsRNAs were highly 
abundant, but they displayed an overwhelm- 
ing bias for positive strands (~97%), showed 
no size preference expected for Dicer products 
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Fig. 1. siRNA properties of vsRNAs in BHK-21 cells. (A) Length dis- 
tribution and abundance of positive- or negative-strand vsRNAs from cells 
2 or 3 dpi with NoV or NoVAB2. (B) Total counts of pairs of comple- 
mentary 22-nt vsRNAs of NoV or NoVABZ2 in each distance category (in 
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nucleotides) between 5’ and 3’ ends of a complementary vsRNA pair, 
defined as 0 for perfect base-paired 22-nt vsRNAs with blunt ends, —2 for 
pairs with 2-nt overhang at the 3’-end of each strand (a and §), or 20 for 
pairs with 20-nt overhang at the 5’-ends (a and ). 
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(Fig. 1A and table S1), and are likely breakdown 
products from the abundant positive-strand viral 
RNAs (9). 

By contrast, vsRNAs from NoVAB2-infected 
cells were much less abundant and exhibited re- 
duced positive-strand bias (~85%) (table S1). 
Notably, ~77% of the total negative-strand vsRNA 
reads in both libraries were in the 21- to 23-nt size 
range with a major 22-nt peak, similar to Dicer- 
dependent cellular microRNAs (Fig. 1A and fig. 
S1A). The unique negative-strand vsRNAs also 
had a dominant 22-nt peak (fig. S1B). Therefore, 
NoVAB2 vsRNAs display patterns of length dis- 
tribution and strand bias expected for Dicer 
products as found for plant and invertebrate viral 
siRNAs (9). 

NoVAB2 vsRNAs exhibited properties of ca- 
nonical siRNAs (Fig. 1B and table S1). First, 
both NoVAB2 libraries were enriched for a popu- 
lation of 22-nt vsRNAs that contained a 20-nt 
perfectly base-paired duplex region with 2-nt 3’ 
overhangs (Fig. 1B, peak “—2” and siRNAs a/B). 
Enrichment for 22-nt canonical siRNA pairs was 
not found for the comparably much more abundant 
vsRNAs of NoV (Fig. 1B). Second, we detected 
a more dominant population of complementary 
22-nt vsRNA pairs with 20-nt 5’-end overhangs 
only for NoVAB2 vsRNAs (Fig. 1B, peak “20” 
and siRNAs a/y). These findings together sug- 
gest Dicer-dependent processing of the same 
viral dsRNA precursor into successive 22-nt viral 
siRNA duplexes in cells infected by NoVAB2, 
but not by NoV. 

In contrast to the efficient infection of BHK- 
21 cells by B2-expressing NoV (25), NoVAB2 
maintained infection only at low levels (Fig. 2). 
Higher accumulation levels of NoVAB2 were re- 
stored (Fig. 2), however, in BHK-21 cells engi- 


neered with a stably expressed transgene encoding 
either NoV B2 or Ebola virus virion protein 35 
(VP35), the latter of which suppresses experi- 
mental RNAi in mammalian cells by a distinct 
mechanism (26, 27). These results show that 
RNAi suppression by a cognate or heterologous 
VSR expressed from either the viral genome 
or an ectopic transgene is essential for robust 
virus infection in mammalian cells. We conclude 
therefore that NoVAB2 is defective only in RNAi 
suppression, and the RNAi response induced 
by NoVAB2, characterized by the production 
of viral siRNAs, has potent antiviral activity in 
BHK-21 cells. Consistently, rescue of NoVAB2 in- 
fection was also observed in RNAi-defective mouse 
embryonic stem cells deleted of all Argonaute 
genes (28). 

NoV is lethal to 7-day-old mice when injected 
intraperitoneally (29). Quantitative reverse tran- 
scription polymerase chain reaction (RT-PCR) 
analysis validated the spread of both NoV and 
NoVAB2 from the injected abdominal cavity to 
the fore- and hindlimb tissues 24 hours after in- 
oculation (Fig. 3A). The difference between NoV 
and NoVAB2 accumulation levels was small at 
1 dpi, although higher doses of NoVAB2 were 
inoculated into each mouse (supplementary mate- 
rials), but became progressively more pronounced 
at later infection times. By 4 dpi, NoV RNA lev- 
els were comparable to those of ribosomal RNAs 
(tRNAs), whereas the accumulation of NoV was 
more than 1000 times that of NoVAB2 (Fig. 3, A 
and B). Accordingly, unlike the 100% mortality 
observed 5 days post-NoV infection, suckling mice 
challenged by NoVAB2 remained healthy for 
the duration of the experiment, up to 4 weeks 
postinoculation (Fig. 3C). Our quantitative RT- 
PCR analysis on the expression of 84 key genes 


from the known innate antiviral pathways (30) 
in suckling mice at 4 dpi detected no major dif- 
ferences between infection by NoVAB2 and 
NoV (table S2). This suggested that rapid in vivo 
clearance of NoVAB2 was not mediated by one 
of the known innate antiviral pathways. More- 
over, we found that a NoV mutant (NoVmB2) 
carrying a single Arg to Gln mutation at position 
59 of B2, known to abolish B2’s VSR activity 
in vitro (3, 24), was as nonvirulent as NoVAB2 in 
suckling mice and was also progressively cleared 
from 4 dpi (Fig. 3A). Thus, in vivo infection and 
virulence of NoV require the RNAi suppressor 
activity of B2. 

Northern blot hybridization detected accu- 
mulation of discrete species of viral siRNAs in 
NoVAB2-inoculated suckling mice (Fig. 3D, 
right panel), as found in plant and invertebrate 
hosts after virus infection (/, 2, 9). The mouse 
viral siRNAs migrated as a dominant 22-nt band 
alongside a weaker, 21-nt signal and became de- 
tectable at 2 dpi and remained so up to 7 dpi 
even through the accumulation of NoVAB2 was 
low at both 2 and 7 dpi (Fig. 3, A and B). In 
contrast, vsRNAs from NoV-infected mice ap- 
peared as bands of heterogeneous sizes (Fig. 3D, 
right panel). Notably, the 22-nt viral siRNAs 
became readily detectable in suckling mice in- 
oculated with NoVmB2 (Fig. 3D, left panel). 
Therefore, rapid virus clearance resulting from 
loss of viral suppression of RNAi in NoVAB2- 
and NoVmB2-infected mice was consistently 
accompanied with abundant production of the 
22-nt viral siRNAs. 

We further deep sequenced small RNAs from 
suckling mice 4 days after NoV inoculation and 
from those | or 2 days after NoVAB2 inoculation. 
NoV vsRNAs showed no size preference, and 
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Fig. 2. NoV infection requires RNAi suppression. (A) BHK-21 cells or 
BHK cells stably expressing B2 or VP35 were mock-infected or infected by 
NoVAB2 or NoV of the same titer. Every 12 hours postinfection (hpi), the 
viral genomic RNA1 levels were determined by quantitative RT-PCR with the 
accumulation level of NoVAB2 in BHK-21 cells at 12 hpi set as 1. Error bars 
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indicate standard deviation of three replicates. (B) Accumulation of NoV and 
NoVAB2 RNAs 1 to 3 in the infected cells detected by Northern blotting. RNA1 
signal quantified by phosphorimaging was shown with that of NoVAB2 in 
BHK-21 cells (lanes 4) set as 1. Detection of B2 transgene mRNA (arrow) was 
visible. 185 rRNA staining served as loading control. 
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the 22-nt vsRNAs of NoV were not enriched for 
canonical siRNAs (Fig. 4, A and B), which sug- 
gested B2 suppression of viral siRNA biogenesis 
in NoV-infected mice. We noted that NoV vsRNAs 
cloned from mice contained more abundant neg- 
ative strands (16%) than those from cell culture 
(3%) (table S1), which might indicate weak 
in vivo dicing of NoV dsRNA in the presence of 
B2. In contrast, ~85% of NoVAB2 small RNAs 
from mice were 21- to 23-nt long, with 22 nt as 
the predominant size for both strands (Fig. 4A 
and fig. S1B). A higher density of viral siRNAs 
was found to target the RNA3-transcribing re- 
gion of RNAI and the 5’-terminal region of 
RNAs | and 2 in NoVAB2-infected mice and 
BHK-21 cells (Fig. 4C). The relative abundance 
of viral siRNAs in NoVAB2-infected mice (0.3%) 
(table S1) was similar to that found in fruit flies 
(0.5 to 0.9%) undergoing FHVAB2 clearance 
(12). NoVAB2 siRNAs from mice at 2 dpi were 
divided approximately equally into positive and 


negative strands (Fig. 4A), and 65% of the 22-nt 
viral siRNAs in both NoVAB2 libraries could 
form canonical siRNA duplexes with 2-nt 3’ 
overhang (Fig. 4B and table S1). The 22-nt viral 
siRNAs of NoVAB2 detected by Northern blot- 
ting therefore have the properties of canonical 
viral siRNAs processed from dsRNA viral repli- 
cation intermediates, which demonstrates induc- 
tion of a typical antiviral RNAi response in mice 
by NoVAB2 infection. Together, our findings re- 
veal that, without viral suppression of RNAi, 
mice are able to launch a potent antiviral RNAi 
response sufficiently effective to provide full pro- 
tection from lethal viral infection. 

Here, we have found that an RNA virus in- 
fection in cultured hamster cells and suckling mice 
induces a typical antiviral RNAi response, char- 
acterized by the production of viral siRNAs with 
clearly defined properties of canonical siRNAs. 
Our findings and those of Maillard et al. (28) 
illustrate that Dicer-dependent processing of 


NoVAB2 


REPORTS 


dsRNA viral replication intermediates into succes- 
sive sIRNAs is a conserved mammalian immune 
response to infection by two distinct positive- 
strand RNA viruses (table S3). Consistent with 
the known in vitro activity of the B2 protein to in- 
hibit the processing of long dsRNA into siRNAs 
(3, 16, 21, 24), however, viral small RNAs de- 
tected by either deep sequencing or Northern 
blotting during wild-type NoV infection do not 
have the properties of canonical siRNAs. North- 
ern blot detection of viral siRNAs in NoVAB2- 
infected mice suggests that the use of in vivo 
infection models and/or viruses incapable of in- 
hibiting siRNA biogenesis may facilitate detection 
of siRNAs targeting other mammalian viruses. 
Moreover, NoV infection both in vitro and in vivo 
requires the RNAi suppressor activity of its B2 
protein. In particular, suckling mice produced abun- 
dant viral siRNAs and became completely resistant 
to the lethal infection by NoV after substitution 
of a single amino acid in B2 that eliminates its 


Fig. 3. In vivo virus clearance associated with production of viral 
siRNAs. (A and B) Accumulation of NoV, NoVAB2, and NoVmB2 in mouse 
fore- (F) and hind- (H) limb tissues detected by quantitative RT-PCR of the 
viral RNA1 and Northern blotting, respectively. NoVAB2 level in hind limb at 
1 dpi was set as 1, and error bars indicate standard deviation of three 
replicates (A). NoV RNAs 1 and 2 (arrows) were visible after rRNA staining to 
show equal loading (B). (C) Suckling mice remained as healthy 4 weeks post- 
infection with either NoVAB2 (right) or NoVmB2 (not shown) as mock-inoculated 
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mice (left), whereas all of the five NoV-inoculated mice died by 5 dpi (not shown). 
(D) Northern blot detection of negative-strand viral siRNAs in mice infected 
with NoVAB2 (middle) or NoVmB2 (left) and of vsRNAs from NoV-infected 
mice (right). The hybridizing positions of four siRNA probes were given in 
Fig. 4B, and size markers were synthetic 21- and 25-nt RNAs. The same filters 
were probed for mouse microRNA 127 (miR-127) and U6 RNA as loading 
controls. At least three independent repeats with reproducible results were 
performed with each experiment. 
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strand viral siRNAs in mice. 


RNAi suppressor activity. Thus, the typical RNAi 
response induced by virus infection in mammals 
has potent antiviral activity. The striking similar- 
ities in the induction and suppression of antiviral 
RNAi by the closely related FHV and NoV in fruit 
flies, nematodes, and mammals (2, 3, 8, 12, 21-24) 
highlight an evolutionary conserved role of RNAi 
in antiviral defense within the animal kingdom. 
Compared with the antiviral immunity mecha- 
nisms reported to date in mammals, virus clear- 
ance by antiviral RNAi has a distinct effector 
mechanism and does not require cell death (9, 30). 
Nevertheless, this mammalian immunity mech- 
anism exhibits properties known to be asso- 
ciated with innate and adaptive immunity because 
it involves rapid host recognition of a microbe- 
associated molecular pattern dsRNA and a mech- 
anism of specificity determined by pathogen-derived 
siRNAs (9). Discovery of mammalian antiviral 
RNAi provides a framework to investigate the 
innate and adaptive control of important human 
viral pathogens. 
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Antiviral RNA Interference 
in Mammalian Cells 


P. V. Maillard,** C. Ciaudo,?* A. Marchais,” Y. Li,” F. Jay,? S. W. Ding,” Olivier Voinnet?+ 


In antiviral RNA interference (RNAi), the DICER enzyme processes virus-derived double-stranded RNA 
(dsRNA) into small interfering RNAs (siRNAs) that guide ARGONAUTE proteins to silence complementary 
viral RNA. As a counterdefense, viruses deploy viral suppressors of RNAi (VSRs). Well-established in 
plants and invertebrates, the existence of antiviral RNAi remains unknown in mammals. Here, we show 
that undifferentiated mouse cells infected with encephalomyocarditis virus (EMCV) or Nodamura virus 
(NoV) accumulate ~22-nucleotide RNAs with all the signature features of siRNAs. These derive from 
viral dsRNA replication intermediates, incorporate into AGO2, are eliminated in Dicer knockout cells, 
and decrease in abundance upon cell differentiation. Furthermore, genetically ablating a NoV-encoded 
VSR that antagonizes DICER during authentic infections reduces NoV accumulation, which is rescued in 
RNAi-deficient mouse cells. We conclude that antiviral RNAi operates in mammalian cells. 


Ithough mammalian viruses are suscep- 
At to experimental RNA interference 
(RNAi) via synthetic small interfering 
RNAs (siRNAs) (/), the existence of a natural 
antiviral RNAi response in mammals is debated 
(2). First, in many infected somatic cells, viral 
double-stranded RNA (dsRNA) triggers the po- 
tent and non-sequence-specific interferon (IFN) 
response (3) that may have largely supplanted 
antiviral RNAi functions (4). Second, several mam- 
malian viral proteins display viral suppressor of 
RNAi (VSR)ike activities still awaiting valida- 
tion in authentic virus expression contexts (/). 
Third, diverse virus-infected mammalian cell types 
accumulate virus-derived small RNAs (vsRNAs), 
but these have unspecified functions (5) and lack 
the biochemical features, size, and distribution pat- 
terns of plant and invertebrate viral siRNAs (6-9). 
Ascertaining genetically the DICER-dependency 
of mammalian vsRNA is further complicated by 
the essential contribution of the mammalian RNAi 
machinery (one Dicer, four Ago) to the endog- 
enous microRNA (miRNA) pathway (/0). Pluri- 
potent mouse embryonic stem cells (mESCs) 
withstand the complete ablation of DICER (DCR) 
or ARGONAUTE (AGO) functions (//, /2) and 
support RNAi triggered by long dsRNA possibly 
because they lack an IFN response (/3, 14); ac- 
cordingly, DCR-dependent endogenous siRNAs 
are detected in these cells (75). We thus reasoned that 
mESCs constituted potentially valuable models 
to genetically validate both viral siRNA accumu- 
lation and VSR function in authentic mammalian 
infection contexts. 
Several mESC lines were infected with puri- 
fied virions of encephalomyocarditis virus (EMCV), 
a mammalian positive-sense single-stranded RNA 


played by line El4 (Fig. 1A and fig. S1, A and 
B). In two separate infections, 15- to 50-nt-long 
RNA was isolated from E14 mESCs and sub- 
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jected to ILLUMINA deep-sequencing (table S1). 
Six hours postinfection (hpi), 0.4 and 0.7% of 
total reads mapped the EMCV genome, of which 
33 and 27% were in the 21- to 23-nt size range of 
DCR products (Fig. 1B and table S1). For com- 
parison, miR-134, miR-296, and miR-470, which 
functionally target the mESC pluripotency fac- 
tors Nanog, Oct4, and Sox2 (17) represented 
respectively 0.11%, 0.02%, and 0.05% of total 
reads (table S2). The remaining EMCV reads, in 
a heterogeneous 24- to 44-nt size range, mapped 
nearly exclusively along the viral positive strand 
(Fig. 1C), which accumulates disproportionately 
more than the negative strand during positive- 
sense RNA virus replication, and were thus most- 
ly viral breakdown products (5, 78). By contrast, 
36 and 28% of 21- to 23-nt reads mapped to 
both viral strands within the first 200-nt of the 
EMCYV 5’ untranslated region and so exhibited 
a ~2:1 (+):(-) strand ratio contrasting with the 
~10:1 ratio of all other reads (Fig. 1C and table 
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(ssRNA) picornavirus producing high levels of 
dsRNA within its 8-hour infection cycle (/6). All 
cells accumulated the EMCV-encoded VP1 cap- 
sid to varying degrees, with the highest levels dis- 
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Fig. 1. EMCV-derived siRNAs in infected mESCs. (A) Western analysis of VP1 in E14 mESCs. NI, 
noninfected; ACTIN, protein-loading control. (B) Size distribution of vsRNA reads mapping to EMCV in samples 
from (A). (C) Distributions of 21- to 23-nt and 24- to 44-nt reads along EMCV (+) and (-) strands 6 hpi. (D) 
Same as (C), but along the first 5’-terminal 300 nt. Symmetrical reads are numbered. (Inset) Perfect duplexes 
formed by the abundant reads 1 to 2 and 3 to 4; 2-nt 3’ overhangs are indicated in red. Asterisk: Read 
sequence corresponding to the oligonucleotide probe used in (E). Radar plots: 21- and 23-nt reads in each 
of 22 possible registers mapping along the entire EMCV (+) and (—) strands; the 5’ first EMCV nucleotide 
defines register no. 1. Distance to the center indicates read percentage within each register. (E) Northern 
analysis of EMCV 5’-end siRNAs 6 hpi. Total RNA from SUC-SUL (SS) transgenic Arabidopsis run in parallel 
and hybridized secondarily provides a size marker for 21-nt and 24-nt siRNAs. U6, RNA-loading controls. 
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S1). A less-pronounced symmetrical reads dis- 
tribution was also observed at the EMCV RNA 
3'-end, whereas the remaining 21- to 23-nt reads 
originated from discrete positive-strand regions 
(Fig. 1C). 

The symmetrical 5’ and 3’ EMCV reads mapped 
to the regions where dsRNA replication-intermediates 
(RIs) initiate during positive- and negative-strand 
synthesis. Similar to RI-derived siRNAs observed 
in virus-infected plants and invertebrates (6, 9), 
abundant (+) and (—) reads at the EMCV 5’ end 
formed contiguous and perfectly complementary 
duplexes with 2-nt 3’ overhangs (Fig. 1D). In 
addition, all EMCV-derived 21- to 23-nt reads 
defined a dominant, phased register initiated 
from the 5’ end at a ~22-nt periodicity, in which 
complementary (+) and (—) strands were offset 
by 2 nt (Fig. 1D and fig. S1, C to E). Northern 
analyses using oligonucleotide probes confirmed 
accumulation of the predicted 5'-end 22-nt siRNAs 


in EMCV-infected cells (Fig. 1E). Phased, per- 
fect duplexes with 2-nt 3’ overhangs are signa- 
ture products of sequential dicing of long dsRNA 
(19, 20). The DCR-dependency of EMCV-derived 
vsRNAs was thus explored in Der knockout (Der) 
mESCs (Fig. 2A and fig. S2A), which, due to 
pleiotropy and reduced division rates (//), accu- 
mulated less EMCV than control Der"*™ cells. 
Viral inocula were thus precalibrated to produce 
comparable infection levels in both cell types 
(Fig. 2A and fig. S2A). Detected, as expected, 
in infected Der***™ mESCs, EMCV-derived 
5'-end vsRNAs were below Northern detection 
limit in Der mESCs (Fig. 2A), which confirmed 
that they were bona fide siRNAs. Moreover, in 
wild-type (WT) mESCs, these were detected by 
Northern analysis of RNA from FLAG- and he- 
magglutinin (HA)tagged human AGO2 (FLAG- 
HA-hAGO2) immunoprecipitates (IPs) (Fig. 2B 
and fig. S2B) and by deep-sequencing RNA from 


endogenous mAGO2 IPs also containing cellular 
miRNAs (Fig. 2, C and D, and fig. S2, C and D). 
Abundant positive-strand reads also coincided with 
several peaks already observed in total RNA se- 
quencing (Fig. 2C, *), of which one mapped to 
the internal ribosomal entry site (IRES: nt 577 to 
680) and another to a predicted dsRNA fold back 
(nt 1497 to 1670) (fig. S2E). Therefore, the AGO2- 
loading landscape of EMCV-infected mESCs 
comprised RI-derived and DCR-dependent siRNA 
duplexes, as well as other 21- to 23-nt vsRNAs 
generated from positive-strand secondary struc- 
tures via mechanisms that, as in plants and in- 
vertebrates, await clarification (6, 9). 

The use of mESCs granted an investigation of 
viral siRNA accumulation in genetically identical 
cells but under distinct differentiation states. Dif- 
ferentiation of E14-derived embryoid body was 
confirmed at day 10 by the loss of expression of 
pluripotency markers Nanog and Oct4 and gain in 
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Fig. 2. AGO2-loaded EMCV siRNAs are reduced in Dar* mESCs and fol- 
lowing differentiation. (A) Western and Northern analysis of VP1 (top), 
EMCV 5’-end siRNAs (middle) and miR-16/pre-miR-16 (bottom) in Dar" 
and Der” mESCs infected (+) or not (-) with EMCV. SS, as in Fig. 1E. ACTIN 
and U6: protein- and RNA-loading controls. (B) Northern analysis of EMCV 
5’-end siRNAs 6 hpi in FLAG-specific immunoprecipitates isolated from WT 
mESCs or mESCs stably expressing human FLAG-HA hAGO2, infected (+) or 
not (—) with EMCV. SS as in (A). Western analyses show comparable infection 
levels (VP1) and confirm FHA-hAGO2 immunoprecipitation with miR-16. 
Total: Coomassie-stained protein loading control. (C) Distributions of 21- and 
23-nt reads along EMCV (+) and (—) strands after deep-sequencing of RNA 


from endogenous mAGO2 IP 6 hpi. Asterisks: reads further analyzed in fig. 
S2E. (D) Same as (C), but along the first 5'-terminal 150 nt. (E) Western and 
Northern analyses of the pluripotency markers OCT4, VP1, EMCV 5’-end 
siRNAs and miR-16 in undifferentiated mESCs on day O (dO) or after 10 days 
of differentiation (d10), infected (+) or not (—) with EMCV. Total as in (B); U6 
and SS are as above. (F) Size distribution of vsRNA deep-sequencing reads 
mapping to EMCV in samples from (E). Abundance was normalized to the 
total number of reads mapping to EMCV. (G) Reads mapping to EMCV in 
infected day 0 and day 10 mESCs, as in Fig. 1D. Note the scale change 
in counts, highlighted in red. (Inset) siRNA duplex 1 to 2 remains detectable 
in day 10 cells. 
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expression of the ectoderm-specific marker Fgf5 
(Fig. 2E and fig. S2F). At 6 hpi, 5’-end siRNAs 
were below Northern detection in EMCV-infected 
day 10 compared with day 0 E14 cells, despite their 
similar infection levels (Fig. 2E and fig. S2F). 
Accordingly, EMCV-derived reads represented 
0.15% of total deep-sequencing reads in infected 
day 10 cells, a nearly fivefold decrease compared to 
infected day 0 cells (Fig. 2F). The 21- to 23-nt reads 
were also 10 times less abundant in day 10 cells 


as in day 0 cells but were still detectable, including 
in the first 5’-terminal 200 nt, representing 16% 
of all EMCV-derived reads (Fig. 2G and table 
S1). Therefore, EMCV siRNA accumulation was 
significantly reduced, albeit not abolished, by 
differentiation, unlike that of miRNAs (Fig. 2E). 

Demonstrating the antiviral activity of siRNAs 
entails the genetic rescue of VSR-deficient vi- 
ruses in RNAi-compromised host cells (6, 7, 2/), 
an approach not possible with EMCV for which a 


REPORTS 


potential VSR awaits identification. The dsRNA- 
binding B2 protein encoded by the bipartite, 
positive-sense ssRNA Nodamura virus (NoV) in- 
hibits DCR activity during experimental mamma- 
lian RNAi (22), a property shared by its ortholog 
in the NoV-related Flock house nodavirus (FHV) 
in Drosophila (6). NoV or its B2-deficient counter- 
part, NoVAB2, were titrated to similar levels in 
stable B2-expressing BHK-21 cells (23) and sub- 
sequently used to infect E14 mESCs. NoVAB2 
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vsRNA periodicity regis- 
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Reads detected identically F 
in NoVAB2-infected BHK- 
21 cells and suckling mice 
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2-nt 3’ overhangs are in red. 
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accumulated considerably less than NoV at 3 dpi, 
and only the former infection was able to gen- 
erate virus-derived 21- to 23-nt deep-sequencing 
reads (Fig. 3, A and B, and fig. S3, A and B), 
whereas global miRNA levels remained unchanged 
in both infections (tables S1 and S2). NoV-derived 
reads, heterogeneous in size, mapped mostly along 
the RNAI positive strand (Fig. 3C, fig. S3C, and 
table S1). By contrast, those from NoVAB2, near- 
ly exclusively 21 to 23 nt in length, derived main- 
ly from the 5’ and 3’ ends of RNA1 (+) and (-) 
strands (Fig. 3, C and D), which resembled the 
FHVAB2 siRNA pattern in Drosophila (6). Fur- 
thermore, NoVAB2 5’ end reads had a ~22-nt pe- 
riodicity and formed contiguous, perfect duplexes 
with 2- to 3-nt 3’ overhangs reminiscent of the DCR- 
dependent EMCV siRNAs (Fig. 3, E and F). An 
identical set of phased, perfect duplexes was de- 
tected in both NoVAB2-infected BHK-21 somatic 
cells and limbs of newborn mice but not upon 
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Fig. 4. Rescue of NoVAB2 accumulation in AGO2- 
deficient mESCs. (A) Quantitative reverse tran- 
scription polymerase chain reaction (RT-PCR) analysis 
of the hAgo2 transgene mRNA levels in noninfected 
(NI) and NoV- and NoVAB2-infected E7 mESCs pre- 
viously treated (+) or not (—) with tamoxifen for 
5 days. Results show the mean and standard devia- 
tion of two independent experiments; a.u., arbitrary 
units. (B) Relative accumulation of NoV or NoVAB2 
RNA1 72 hpi in E7 mESC treated (+1) or not with 
tamoxifen, assessed by quantitative RT-PCR on sam- 
ples used in (A). Results show the mean of the ratio 
and the standard deviation calculated from two in- 
dependent experiments. (C) Northern analysis of NoV 
and NoVAB2 genomic RNA1 and sgRNA3 72 hpi of 
the cells used in (A). rRNA, as in Fig. 3A. 


infection with NoV (Fig. 3F) (23). Likewise, reads 
from the B2-proficient NoV displayed none of 
these features in mESCs despite their much higher 
abundance (Fig. 3, E and F, and fig. $3, D and E). 
Thus, muroring the action of the FHV-encoded B2 
VSR in Drosophila (6), DCR-dependent process- 
ing of RI-derived dsRNA was suppressed by the 
NoV-encoded B2 protein in mESCs. Furthermore, 
this B2-restricted mechanism operated almost 
identically in mESCs and suckling mice. 

FHV B2 inhibits both siRNA processing and 
incorporation into AGO (24). Therefore, to ex- 
plore antiviral RNAi in NoV-infected mESCs 
and to avoid functional redundancy with AGO1, 
AGO3, or AGO4, we used the quadruple Ago/,2,3,4 
KO mESC line E7, in which an ectopically ex- 
pressed h4go? transgene is removable by tamoxifen 
application (12). hAgo2 depletion was confirmed 
5 days after tamoxifen treatment (Fig. 4A), upon 
which mESCs were infected with NoV or NoVAB2 
for 3 days. In two separate experiments, the NoV 
and NoVAB2 RNAI levels were respectively ~2 
and ~8 times as high in tamoxifen-induced as in 
untreated mESCs (Fig. 4B). Northern analyses fur- 
ther showed that NoVAB2 accumulation was rescued 
in AGO2-deficient mESCs similarly to FHVAB2 
accumulation in Ago2-deficient Drosophila cells 
(6, 25); the lower impact of AGO2 depletion on 
virulent NoV confirmed B2 VSR activity in au- 
thentic infections (Fig. 4C). Combined with those 
obtained with EMCV, the results demonstrate 
that antiviral RNAi operates in mammalian cells. 

The biogenesis and distribution patterns of 
small RNA derived from ssRNA viruses are thus 
conserved among infections of plant, inverte- 
brate, and mammalian cells; orthologous VSRs 
of insect- and mammalian-infecting viruses also 
suppress DCR action in genetically indistinguish- 
able ways. Therefore, defensive, in addition to 
possible regulatory, functions likely underpin the 
evolutionary persistence of catalytic RNAi in 
mammals. Our results and those of Li et al. (23) 
provide clues as to why mammalian antiviral RNAi 
has remained elusive thus far. First, previous 
studies invariably involved virulent viruses, of 
which some probably encode VSRs that, like the 
NoV-encoded B2, prevent production of siRNAs, 
the diagnostic molecules of antiviral RNAi. Sec- 
ond, virus-derived siRNA levels were at least one 
order of magnitude higher in undifferentiated 
than in differentiated mESCs or BHK-21 cells 
(23). This probably relates to the distinctive ef- 
ficacy of long dsRNA-triggered RNAi in undif- 
ferentiated cells derived from embryonic or adult 
tissues, which is possibly underpinned by their 
generally reduced ability to mount non—sequence 
specific immune responses, including the IFN 
response, against long dsRNA (4). Alternatively, 
or coincidently, DCR siRNA-processing activity 
might decrease during cell differentiation, per- 
haps via modification of its internal autoinhibitory 
helicase domain (20). In this context, the identical 
distribution, relative abundance, and biochemical 
features of NoVAB2 siRNAs observed in mESCs 
and suckling mice suggest that multipotent pro- 


genitor cells, which abound in various mamma- 
lian tissues, might form the primary and most 
potent sites of antiviral RNAi in vivo. Nonetheless, 
long dsRNA-triggered RNAi was reported in so- 
matic myoblasts, or even in fully differentiated 
myotubes and neural cells despite the possible 
activation of an IFN response (13, 26, 27); it would 
thus be premature to confine the antiviral func- 
tions of RNAi to undifferentiated or IFN-deficient 
cellular states. Tools developed in this and the ac- 
companying study (23) now allow a thorough 
investigation of these fundamental questions in 
developing and adult mammals. 
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RTEL1 Is a Replisome-Associated 
Helicase That Promotes Telomere and 
Genome-Wide Replication 


Jean-Baptiste Vannier,?* Sumit Sandhu,2* Mark IR. Petalcorin,? Xiaoli Wu,” Zinnatun Nabi,” 


Hao Ding,”?+ Simon J. Boulton*+ 


Regulator of telomere length 1 (RTEL1) is an essential DNA helicase that disassembles telomere 
loops (T loops) and suppresses telomere fragility to maintain the integrity of chromosome 
ends. We established that RTEL1 also associates with the replisome through binding to 
proliferating cell nuclear antigen (PCNA). Mouse cells disrupted for the RTEL1-PCNA interaction 
(PIP mutant) exhibited accelerated senescence, replication fork instability, reduced replication 
fork extension rates, and increased origin usage. Although T-loop disassembly at telomeres was 
unaffected in the mutant cells, telomere replication was compromised, leading to fragile sites 
at telomeres. RTEL1-PIP mutant mice were viable, but loss of the RTEL1-PCNA interaction 
accelerated the onset of tumorigenesis in p53-deficient mice. We propose that RTEL1 plays a 
critical role in both telomere and genome-wide replication, which is crucial for genetic stability and 


tumor avoidance. 


pendent on the coordinate action of DNA 
repair pathways during the cell cycle (/). 
The DNA helicase regulator of telomere length 
1 (RTEL]) is an anti-recombinase that dismantles 
D-loop recombination intermediates to counter 


T= stability of the genome is critically de- 
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Fig. 1. RTEL1-PCNA interaction is dependent 
on RTEL1 PIP motif. (A) Immunoprecipitation of 
RTEL1-v5 in ES cells stably overexpressing RTEL1- 
v5. IgG, immunoglobulin G; WB, Western blot. (B) 
GST pull-down experiments between wild-type (WT) 
RTEL1 or IA RTEL1 mutant and recombinant PCNA 
(rPCNA) extracts from HEK293 or from HeLa cells. 
(*) Truncated protein. (C) Detection of RTEL1-v5 
(red) and PCNA (green) in ES cells overexpressing 
WT or IA RTEL1-v5 and PCNA-flag. DAPI, 4’,6- 
diamidino-2-phenylindole. (D) Immunoprecip- 
itation (IP) of RTEL1-v5 and RTEL1-IA-v5 from ES 
cells derived from RTEL1”*v5 and RTEL1“v5 mice. 
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toxic DNA repair (2). RTEL1 also functions in 
meiosis to limit excessive crossing over (3) and 
disassembles T loops and suppresses telomere 
fragility to maintain integrity of the chromosome 
end (4). The mechanism(s) by which RTEL1 exe- 
cutes its function at sites of DNA repair and at 
telomeres remains unclear. Because RTELI ’ mice 
are embryonic lethal (5) and die mid-gestation, it 
is also possible that RTEL1 possesses other es- 
sential functions that remain to be defined. 

To further investigate RTEL1 function in cells, 
we performed mass spectrometry to identify in- 
teracting proteins from stable cells expressing a 
C-terminal green fluorescent protein (GFP)}Hagged 


RTEL1. In addition to methyl methanesulfonate 
sensitive 19 (MMS19) that functions in Fe-S cluster 
assembly (6), we detected numerous components 
of the replisome, including replication factor C 
(RFC), DNA polymerases, minichromosome main- 
tenance proteins (MCMs), and proliferating cell 
nuclear antigen (PCNA) (fig. SIA). We further 
investigated a putative RTEL1-PCNA interaction 
as bioinformatic analysis revealed the presence 
of a putative PCNA interaction motif (PIP box) 
located in the C terminus of the RTEL1 protein 
(fig. S1B). RTEL1-v5 and endogenous PCNA 
coimmunoprecipitated from cell extracts, and 
this interaction was resistant to benzonase treat- 
ment, excluding a nonspecific association via DNA 
bridging (Fig. 1A). By contrast, RTEL1-v5 proteins 
harboring five PIP box substitution mutations 
failed to immunoprecipitate PCNA (fig. S1C). 
The RTEL1-PCNA interaction is likely direct 
as in vitro pull-down experiments with a gluta- 
thione S-transferase (GST) fusion to a fragment 
of RTEL1 (amino acids 1125 to 1225) contain- 
ing the wild-type PIP box efficiently bound to 
recombinant PCNA (rPCNA) as well as endog- 
enous PCNA from human embryonic kidney—293 
(HEK293) or HeLa cell extracts, whereas a GST- 
RTEL] fusion harboring an 11169A PIP box mu- 
tant (referred to as IA) failed to interact (Fig. 1B). 
Arrayed biotinylated peptides comprising the 
wild-type RTEL1 PIP box sequence bound to 
rPCNA, whereas the RTEL1 PIP box mutant pep- 
tides did not (fig. S1D). These results demonstrate 
that the PIP box in RTEL1 confers a direct inter- 
action with PCNA in vitro and in cells. 

PCNA is a processivity factor for DNA poly- 
merase and an integral component of the replisome 
during S phase. PCNA is present in multiple 
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discrete replication foci in S-phase cells (Fig. 1C) 
(7). Wild-type RTEL1-v5 also formed discrete 
foci, a subset of which colocalized with PCNA- 
Flag in unperturbed cells (Fig. 1C). The RTEL1 
IA PIP box mutant is expressed in the nucleus, 
but failed to colocalize with PCNA (Fig. 1C). 
Thus, the presence of RTEL1 within replication 
foci is dependent on a PIP box—mediated inter- 
action with PCNA. This result also suggests that 
any additional contacts between RTEL1 and other 
replisome components are likely to be weak or 
indirect, as they are not sufficient to maintain 
RTEL! at replication foci when the RTEL1-PCNA 
interaction is abolished. 

To investigate the functional importance of 
the RTEL1-PCNA interaction in vivo, RTEL1 
IA PIP mutation marked with a v5 epitope was 
knocked into the RTEL/ locus in mice (fig. S2). 
The resultant mouse allele, termed RTELI“V5, 
abolished RTEL1-PCNA binding as compared 
to the control mouse allele (RTEL1*”* v5), which 
retains an intact RTEL1 PIP motif (Fig. 1D). 
Loss of the RTEL1-PCNA interaction induced 
growth arrest and senescence in primary mouse 
embryonic fibroblasts (MEFs) derived from em- 


Fig. 2. RTEL1-PCNA interaction promotes normal 
genome replication. (A) Quantification of growth cell 
arrest after consecutive passages (P1 to P9) of each 
genotype. (B) BrdU incorporation of RTEL1’”4v5 
and RTEL1**v5 primary MEFs. (C) Replication fork 
dynamics in RTELI™ and control MEFs pulse-labeled 
with iododeoxyuridine (IdU) or chlorodeoxyuridine 
(CldU) and subjected to DNA combing. One hundred 
fibers were measured per genotype, and replication 
fork speed was measured in kb min~*. (D) Represent- 
ative images of sister replication forks in RTELI™*v5 
and RTEL1””“v5 primary MEFs. Arrows mark un- 
stable and/or stalled forks. (E) Quantification of 
fork asymmetry in RTEL1“v5 and control primary 
MEFs. (F) Representative images and quantifica- 
tion of inter-origin distances (kb) in RTEL1““y5 
and RTEL1*’*v5. Fifty fibers were measured per 
genotype. ****P < 0.0001 (two-tailed Mann-Whitney 
test). Error bars show the SD. 


bryonic day 14.5 (E14.5) RTELI“““v5 embryos 
when compared to RTELI“’*v5 control MEFs 
(Fig. 2A and fig. S3A), which we attribute to 
increased levels of spontaneous DNA damage 
in the mutant cells (fig. S5, E and F). Cell cycle 
analysis revealed a significant reduction in 5- 
bromo-2’-deoxyuridine (BrdU) incorporation and 
an accumulation of cells in late S/G, in primary 
RTELI'““y5 MEFs when compared to control, 
suggestive of a defect in DNA replication (Fig. 2B 
and fig. S3B). Indeed, measurement of the pro- 
gression of sister replication forks by molecular 
combing revealed that loss of the RTEL1-PCNA 
interaction caused forks to move considerably 
more slowly in a genome-wide manner compared 
to control cells (0.87 and 1.8 kb min ', respective- 
ly; Fig. 2C). Of the replication forks, 52.9% were 
highly asymmetrical in RTELI““V5 cells, com- 
pared to 7.8% asymmetric tracts in RTELI“* v5 
control cells (Fig. 2, D and E), which suggests 
that loss of the RTEL1-PCNA interaction in cells 
results in increased replication fork stalling and/or 
collapse. Interorigin distances were also signif- 
icantly shorter in the RTELI/““v5 cells when 
compared to control cells (87 + 28 and 122 + 28 kb, 


respectively; Fig. 2F), indicative of increased ori- 
gin firing in mutant cells. Similar replication defects 
were also observed after conditional inactivation 
of RTEL1 following adenovirus-Cre treatment 
of RTELI'” MEFs (fig. S3, C to F). Blocking 
replication origin firing in the RTELI’““V5 cells 
with the CDC7 inhibitor PHA-767491 (fig. S4A) 
(8, 9) rescued both interorigin distance and repli- 
cation fork extension rates to wild type but failed 
to rescue fork asymmetry (fig. S4, B to D). This 
suggests that increased origin usage and the re- 
duction in fork speeds in RTEL 1/5 cells occur 
as a secondary consequence ofa defect in prevent- 
ing fork stalling and/or collapse. We propose that 
in the absence of the RTEL1-PCNA interaction, 
increased fork stalling and/or collapse or a failure 
to repair and/or restart a subset of replication forks 
triggers dormant origin firing, which in turn leads 
to a global reduction in replication fork exten- 
sion rates. 

RTELI is proposed to maintain telomere in- 
tegrity in part by catalyzing T-loop disassembly 
during S phase (4). Failure to dismantle T loops 
after inactivation of RTEL/ is associated with 
rapid telomere shortening and loss of the T loop 
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as a circle (4). Phi29 polymerase—dependent telo- 
mere circles accumulate in cells after conditional 
inactivation of RTEL/ in RTELI“” MEFs (Fig. 3A) 
(4). By contrast, telomere circles (TCs) were un- 
detectable in either RTELI“™”* v5- or RTELIy5- 
complemented embryonic stem (ES) cells (Fig. 3A). 
We also found no evidence of telomere loss in meta- 
phase spreads of RTELI“”' v5 or RTELI“V5 cells 
(Fig. 3, B and C). RTELI“ v5 or RTELIMy5 
cells also exhibited a wild-type telomere length 
distribution (fig. SSA) and did not show any evi- 
dence of DNA damage at telomeres (fig. S5B), 
increased sister chromatid exchanges (SCEs), or 
increased telomere SCEs (fig. S5, C and D). Be- 
cause RTELI““V5 cells do not exhibit a significant 
induction of DNA damage at telomeres (fig. SSB), 
the elevated spontaneous levels of the histone 
yH2AX in these cells (fig. S5, E and F) are not 
caused by dysfunctional telomeres. These results 
establish that the RTEL1-PCNA interaction is 
dispensable for T-loop disassembly and prevent- 
ing loss of the telomere as a circle. 

RTEL1 is also responsible for the suppression 
of telomere fragility (4, 70). Loss of RTEL/ in 
ES cells resulted in enhanced telomere fragility 
(24 + 10 fragile telomeres per metaphase, com- 
pared to 8.8 + 3.6 and 9.9 + 4.2 in wild-type ES 
cells and RTELI ’ ES cells complemented with 
RTEL1 ‘v5; Fig. 3B and table S1). RTELI-’ ES 
cells complemented with RTELIV5 PIP box 
mutant and RTELI'““y5 MEFs exhibited high 


Fig. 3. RTEL1-PCNA interac- 
tion is required to suppress 
telomere fragility but is dis- 
pensable to T-loop disassem- 
bly. (A) Phi29-dependent TCs 
amplification and quantification 
in RTELI™*, RTELI~, and ES 
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levels of telomere fragility (20 + 7.9 and 10 + 4.9, 
respectively; Fig. 3, B and C, and table S1), com- 
parable to those detected in RTEL/-null ES cells 
or RTELI-” MEFs [24 + 10 and (4), respec- 
tively]. After conditional inactivation of RTEL/ 
in RTELI‘” MEBs, telomere fragility is exacer- 
bated by treatment with aphidicolin or the G4- 
DNA stabilizer TMPyP4 (4). Similarly, treatment 
of RTELI““y5 MEFs with aphidicolin or TMPyP4 
resulted in a significant increase in telomere fra- 
gility, corresponding to 15 + 5.5 and 14 + 6.2 fragile 
telomeres per metaphase compared to 10 + 4.9 
fragile telomeres per metaphase without treatment 
(Fig. 3C and table S1). Collectively, these results 
establish that the RTEL1-PCNA interaction is 
essential for suppressing telomere fragility but is 
dispensable for T-loop disassembly (fig. SSG). 
RTEL]-deficient cells are sensitive to G4-DNA 
stabilizer TMPyP4 (//) and telomere fragility is 
exacerbated by telomeric G4-DNA stabilization 
(4), suggesting a strong correlation between frag- 
ile telomeres and G4-DNA secondary structures. To 
address whether RTEL1 can disassemble telomeric 
G4-DNA, recombinant RTEL1 wild-type and aden- 
osine triphosphatase (ATPase) dead (RTEL1 K48R) 
mutant proteins were purified and tested for ac- 
tivity toward telomeric G4-DNA structures. RTEL1 
wild-type efficiently disassembled telomeric G4-DNA. 
structures in an ATPase-dependent manner in vitro 
(fig. S6A). Addition of recombinant PCNA to the 
reaction neither stimulated nor inhibited the re- 
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v5 (+/+) and RTEL1-IA-v5 (/A//A). 
(B) Quantification of telomere 
loss and fragile telomeres per 
metaphase in RTELI*, RTEL1~, 
and ES cells complemented (Comp.) 
with RTEL1-v5 (Wt) and RTEL1- 
IA-v5 (JAA). (C) Representative 
images and quantification of 
fragile telomeres (arrow) and 
telomere loss (*) per metaphase 
in RTEL1”*v5 and RTEL1“v5 
primary MEFs subjected to the 
indicated treatments (—, no treat- 
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action. However, addition of TMPyP4 to the re- 
action inhibited the ability of RTEL1 wild type to 
disassemble the substrate (fig. S6B), suggesting 
that TMPyP4 exacerbates telomere fragility in vivo 
by blocking the ability of RTEL1 to dismantle 
telomeric G4-DNA structures. 

RTELI was recently implicated in Hoyeraal- 
Hreidarsson syndrome, a severe form of the 
cancer predisposition and bone marrow fail- 
ure syndrome dyskeratosis congenita (/2—/4). 
A genome-wide association study also identi- 
fied RTEL1 as a susceptibility locus for glioma 
(15, 16), raising the possibility that RTEL1 may 
function as a tumor suppressor. Despite the 
genome-wide replication problems in primary 
cells, RTELI“““\5 mutant mice are born at ex- 
pected Mendelian ratios and exhibit normal 
body weight and morphology at adult stage. The 
viability of these mice is potentially explained 
by increased origin usage that likely compen- 
sates for the replication defects in cells. To ex- 
amine the role of the RTEL1-PCNA interaction 
during tumor development, we established a 
cohort of compound Zrp53“ RTELI*“y5 and 
Tip53°’ RTELIy5 mutant mice and monitored 
their survival. Homozygous Tip53 * RTELI“y5 
mice exhibited substantially shorter life spans 
compared with control Trp53 ’ RTELI‘ “v5 
mice (P < 0.0002; Fig. 4A). Tumor formation 
occurred in the Zip53 “ RTELI““V5 mice within 
115 +31 days compared with 147 + 35 days for 
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Fig. 4. RTEL1IA/IA mutation accelerates 
tumorigenesis in mice. (A) Kaplan-Meier survival 
curves of Trp537 RTELI’*v5 and Tp53* RIEL “v5 
mice with the number of mice indicated for each 
genotype. (B) Tumor spectrum in RTEL1“*v5 and 
RTELI“v5_ mice in Trp53”~ background. (C) Fre- 
quency of fragile telomeres and chromosome fu- 
sions in Trp53~”-RTEL1’”“4v5 tumorigenic and 
nontumorigenic tissues. P value was calculated 
with two-tailed Mann-Whitney test. (D) Represen- 
tative images of metaphase spreads derived from 
Trp53~-RTELI*y5. and Trp53~’-RTEL1"4y5 
tumors subjected to telomere fluorescence in situ 
hybridization (red, telomeres; blue, DNA). White 
asterisk (*), sister chromatid fusions; yellow as- 
terisk, end-to-end fusions; arrows, fragile telomeres. 


Trp53 ’ RTELIV5 mice. Histological analysis 
showed that both cohorts of Tip53 ’ RTELI'“y5 
and Trp53-“ RTELI“y5 mutant mice devel- 
oped predominantly lymphomas (61.5 and 70.6%, 
respectively; Fig. 4B), although sarcomas and 
teratomas were also observed (15.4 versus 14.7% 
and 10.3 versus 14.7%, respectively; Fig. 4B), as de- 
scribed previously in 7ip53* mice (17). Telomere 
analysis of the tumors from Tip53 ’ RTELI“ “ys 
mice revealed extensive sister chromatid fusions, 
end-to-end fusions with telomeric repeats, and a 
high frequency of fragile telomeres when com- 
pared to nontumor cells from the same mice (Fig. 4, 
C and D, and fig. S71). Furthermore, tumors from 
Trp53“ RTELI*“y5 mice or Tip53 ’ RTELI*”* 
mice exhibited no evidence of telomere fragility or 
dysfunction (Fig. 4, C and D). Tip53-“ RTELIy5 
mutant mice also developed medulloblastomas 
(12.8%; Fig. 4B and fig. S7, A to F), which were 
not observed in the Zip53“ RTELI‘“V5 mice 
or in 7#p53’ mice described previously (17). Be- 
cause RTEL]1 is expressed in the cerebellar ex- 
ternal granular layer (EGL) cells (fig. S7, G and 
H), which are the source of medulloblastomas 
(78), these data suggest that the RTEL1-PCNA 
interaction is important for protecting these 
EGL cells from transformation. 

Our data reveal a critical interaction between 
RTEL1 and PCNA that is essential for telomere 
and genome-wide replication and suppression of 
tumorigenesis in vivo. Suppression of telomere 
fragility, which we attribute to the telomeric G4- 
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DNA unwinding activity of RTEL1, is abso- 
lutely dependent on the RTEL1-PCNA interac- 
tion. This suggests that replisome association 
is required for RTEL1 to counteract telomeric 
G4-DNA structures that arise at the replication 
fork. By contrast, the role for RTEL1 in T-loop 
disassembly and the suppression of telomere loss 
as a circle does not require the RTEL1-PCNA 
interaction. The RTEL1-PCNA interaction is also 
necessary to prevent replication fork stalling 
and/or collapse, which affects genome-wide rep- 
lication. Finally, the accelerated rate of tumor for- 
mation and predisposition to medulloblastomas 
conferred by the RTELI“““v5 mutation in the 
Trp53 “background implicates RTEL] as a tumor- 
suppressor gene. 
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Structures and Receptor Binding of 
Hemagglutinins from Human-Infecting 
H7N9 Influenza Viruses 


Yi Shi,?* Wei Zhang,22* Fei Wang,”** Jianxun Qi,2* Ying Wu,2* Hao Song,”? Feng Gao,” 
Yuhai Bi,” Yanfang Zhang,° Zheng Fan,’ Chengfeng Qin,® Honglei Sun,’ Jinhua Liu,* 
Joel Haywood,” Wenjun Liu,? Weimin Gong,? Dayan Wang,’ Yuelong Shu,’ Yu Wang,”° 


Jinghua Yan,” George F. Gao’3469:104 


An avian-origin human-infecting influenza (H7N9) virus was recently identified in China. 

We have evaluated the viral hemagglutinin (HA) receptor—binding properties of two human 
H7NQ isolates, A/Shanghai/1/2013 (SH-H7N9) (containing the avian-signature residue Gln7”°) 
and A/Anhui/1/2013 (AH-H7N9) (containing the mammalian-signature residue Leu?~°). 

We found that SH-H7N9 HA preferentially binds the avian receptor analog, whereas AH-H7N9 
HA binds both avian and human receptor analogs. Furthermore, an AH-H7N9 mutant HA 

(Leu22° - Gln) was found to exhibit dual receptor-binding property, indicating that other 

amino acid substitutions contribute to the receptor-binding switch. The structures of SH-H7N9 
HA, AH-H7N9 HA, and its mutant in complex with either avian or human receptor analogs show 
how AH-H7N9 can bind human receptors while still retaining the avian receptor—binding property. 


za A (H7N9) virus was identified in eastern 

China, which by 30 April had spread to more 
than 11 provinces and municipalities. This virus 
is a low-pathogenicity avian influenza (LPAI) 
virus in domestic poultry (/—4). Until now, only 
sporadic cases of severe human infection with an 
LPAI virus have been reported (5, 6). Under- 
standing the underlying mechanism of the avian- 
human host “jump” is crucial for the development 
of effective preventive and therapeutic measures 
(7-12). 

The viral surface glycoprotein hemagglutinin 
(HA) is responsible for host receptor binding and 
is the major determinant of the virus host “jump” 
(13). Recent work has shown that the Gln’”° 
Leu (Q226L; H3 numbering used throughout) 
substitution in avian HSN1 HA confers human re- 
ceptor (o-2,6-linked galactose) binding and simul- 
taneously reduces avian receptor (o-2,3-linked 
galactose) binding (14-17). The observation of a 
receptor shift in influenza viruses creates concern 


L February 2013, a novel reassortant influen- 
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that a pandemic in human beings might begin 
this way (14-17). It is noteworthy that H7N9 HA 
has a naturally occurring Q226L substitution ob- 
served in most of the isolates [e.g., AH-H7N9, 
A/Anhui/1/2013 (H7N9)], with the exception of 
an earlier Shanghai isolate that retained the gluta- 
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mine at position 226 [SH-H7N9, A/Shanghai/1/2013 
(H7N9)] (8). These findings have led to the assump- 
tion that the AH-H7N9 lineage virus might have 
acquired high-affinity human receptor-binding 
properties. 

To characterize the receptor-binding proper- 
ties of AH-H7N9 and SH-H7N9 at the virus lev- 
el, we rescued the viruses with reverse genetics 
technology (/8); the rescued viruses were named 
rAH-H7N9 and rSH-H7N9. We analyzed their 
receptor-binding properties through solid-phase 
binding assays using the 2009 pandemic influenza 
virus isolate [CA04-H1N1, A/California/04/2009 
(HIN1)] and avian HSN1 influenza virus isolate 
[AH0S-HSN1, A/Anhui/1/2005 (HSN1)] as con- 
trol viruses that have typical human or avian re- 
ceptor specificity, respectively. rAH-H7N9 binds 
both the human and avian receptor, whereas 
rSH-H7N9 preferentially binds the avian receptor 
(Fig. 1, A and B). In contrast, CA04-H1N1 spe- 
cifically binds the human receptor (Fig. 1C), and 
AHO0S5-HSN1 specifically binds the avian recep- 
tor (Fig. 1D). 

To further evaluate the binding affinities of 
AH-H7N9 and SH-H7N9 to canonical avian-like 
and human-like receptor analogs (/8), we prepared 
soluble HA proteins for both viruses and showed 
by surface plasmon resonance (SPR) experiments 
that, similar to the rescued viruses, AH-H7N9 HA 
binds both avian- and human-like receptors, whereas 
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Fig. 1. Receptor-binding properties at virus level. Binding of virus to o-2,3-linked (3’SLNLN) or 
o-2,6-linked (6’SLNLN) sialylglycan receptors was determined by solid-phase binding assays. (A) 
rAH-H7N9 (reverse genetics—rescued A/Anhui/1/2013) virus; (B) rSsH-H7N9 (reverse genetics—rescued 
A/Shanghai/1/2013) virus; (C) CA04-H1N1 (A/California/04/2009) virus; (D) AHO5-H5N1 (A/Anhui/1/2005) 
virus. Blue, binding to 3’SLNLN; red, binding to 6’SLNLN. rAH-H7N9 binds to both 3’SLNLN and 6’SLNLN, 
whereas rSH-H7N9 binds preferentially to 3’SLNLN. As a control, CA04-H1N1 specifically binds 6’SLNLN, 
and AHO5-H5N11 specifically binds 3’SLNLN. 
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SH-H7N9 HA binds only the avian-like recep- 
tor (Fig. 2, A to F). AH-H7N9 HA bound both 
avian and human receptors, with high affini- 
ties of 0.10 uM and 0.33 uM, respectively (Fig. 
2, A to C). SH-H7N9 HA also showed a binding 
preference for the avian receptor (with a similarly 
high affinity of 0.16 uM), but by contrast had ex- 
tremely weak or no binding to the human recep- 
tor (>1 mM, beyond the SPR measurement range) 
(Fig. 2, D to F). The binding kinetics of SH-H7N9 
HA are similar to the previously reported H7N7 HA 
from a highly pathogenic avian influenza (HPAI) 
A/H7N7 virus isolate (A/Netherlands/2 19/2003) 
(79). In contrast to the Q226L substitution of HSN1, 
which has endowed this virus with the ability to 
bind to human receptors but reduced its affinity 
for avian receptors (/4—17), AH-H7N9 HA has 
maintained dual receptor-binding properties de- 
spite having the same substitution. 

In total, there are eight amino acid substi- 
tutions between the SH-H7N9 and AH-H7N9 
HAs, of which four residues—S138A (Ser'** 
Ala), G186V (Gly'®° > Val), T221P (Thr?! > 
Pro), and Q226L—locate in the receptor-binding 
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Fig. 2. Receptor-binding properties at protein level. (A, B, D, E, G, and 
H) BlAcore plots showing binding of AH-H7N9 HA to 3’SLNLN (A) and 6’SLNLN 
(B), binding of SH-H7N9 HA to 3’SLNLN (D) and 6’SLNLN (E), and binding of 
AH-H7N9 mutant HA to 3’SLNLN (G) and 6’SLNLN (H). (C, F, and I) Response 


site (RBS) (fig. S1). There are likely several dis- 
tinct mechanisms by which a shift in host receptor- 
binding preference can take place in different 
HA subtypes (20, 21). This is illustrated by dif- 
ferences between avian H1 and avian H2 and H3 
viruses, in which the H2 and H3 viruses require 
Q226L and G228S (Gly*?* — Ser) substitu- 
tions, whereas the H1 virus HA requires E190D 
(Glu'!”° — Asp) and G225D (Gly*> > Asp) sub- 
stitutions in the RBS, retaining the residue Gin?”° 
(21-26). Thus, to investigate whether the Q226L 
substitution is a key determinant for obtaining 
the human receptor binding in H7, we introduced 
one L226Q substitution into AH-H7N9 HA, which 
binds the avian receptor analog with an affinity of 
0.2 uM, similar to that of wild-type AH-H7N9 HA. 
Surprisingly, it retained its ability to bind to the 
human receptor analog, albeit with a reduced af- 
finity of 1.2 uM (Fig. 2, G to I). Therefore, the 
other three amino acid substitutions are sufficient 
for human receptor binding for H7, without the 
Q226L substitution. 

Using x-ray crystallography, we solved the 
structures of SH-H7N9 HA and of AH-H7N9 HA 
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and its mutant, all in their free form or in complex 
with the two sialo-pentasaccharides 3'SLNLN 
and 6'SLNLN. These sialo-pentasaccharides are 
analogs of the avian and human receptors, re- 
spectively, and contain the three terminal sac- 
charides sialic acid (Sia), galactoside (Gal), and 
N-acetylglucosamine (GlcNAc) (27). Given the 
resolution of the structures (2.6 A, 2.6 A, 2.8 A, 
2.5 A, 3.0 A, and 3.1 A, respectively) (tables S1 
to §3), there is unambiguous electron density for 
the ligands in the six complexes (fig. S2). 

The RBS is at the membrane-distal end of 
each monomer. Conventionally, the RBS of H7 
is divided into two parts: (i) the base, consisting 
of the conserved residues Tyr’, Trp'**, His'®?, 
and Tyr'”®; and (ii) the side, consisting of the sec- 
ondary elements 130-loop, 190-helix, and 220-loop. 
The structure of AH-H7N9 HA in complex with the 
avian receptor analog 3’SLNLN revealed that 
the analog bound in a cis conformation (Fig. 3A), 
similar to that seen in two recently reported H5 
mutants in complex with the avian receptor an- 
alogs (16, 17, 28). However, there were clear dif- 
ferences of the molecular interactions with respect 
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units were plotted against protein concentrations. Blue, binding to 3’SLNLN; 
red, binding to 6’SLNLN. The binding affinity (Kp) values were calculated using 
a steady-state affinity model produced with BlAcore 3000 analysis software 
(BlAevaluation Version 4.1). 
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to the H5 mutants. In addition to the seven con- 
served hydrogen bond interactions between Sia-1 
and RBS residues, the adjacent glycan rings (Gal-2 
and GlcNAc-3) formed substantive van der Waals 
interactions with the 220-loop in the AH-H7N9 
HA-avian receptor complex (Fig. 3A), which has 
not been observed in other HA—avian receptor 
complexes. Crucially, the main-chain carbonyl 
oxygen of Gly” formed one hydrogen bond with 
Gal-2, and the side chain of Gin?” formed a 
hydrogen bond with GleNAc-3, which stabilized 
the conformations of both rings. Moreover, the 
residue Leu~*° created a hydrophobic environ- 
ment for the nonpolar portion of Gal-2. Interest- 
ingly, in the presence of Gin>”°, SH-H7N9 HA 
also bound avian receptor analog in a cis con- 
formation, in a manner similar to that of avian 
receptor analog bound to AH-H7N9 HA (Fig. 3B). 
In contrast, although exhibiting the same Gin?”®, 
the AH-H7N9 mutant HA bound the avian re- 
ceptor analog in a trans conformation (Fig. 3C), 
which is usually observed in other avian HA— 
avian receptor complexes. This indicates that the 
amino acid at position 226 is not a key deter- 
minant for the conformation of avian receptor 
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binding in the H7 subtype. In fact, both cis and 
trans configurations are in low-energy conforma- 
tions for o-2,3 linkages, and both have been ob- 
served in studies of sialosides in solution and 
bound to other proteins (29-34). We have cap- 
tured two conformations of avian receptor bind- 
ing in H7 HAs with a Gin”° in this study. 

The structure of AH-H7N9 HA in complex 
with the human receptor analog 6'SLNLN showed 
that the analog was bound in a cis conformation 
(Fig. 3D). The residue Leu~”® formed van der Waals 
interactions with Ca atoms of Gal-2 around the 
glycosidic linkage, and the main-chain carbonyl 
oxygen of residue Gly”? formed one hydrogen 
bond with the 3-OH of Gal-2 (Fig. 3D). In the 
SH-H7N9 HA-human receptor complex, only the 
sialic acid moiety was observed and the remain- 
ing four glycan rings of the pentasaccharide were 
not visible (Fig. 3E), implying a weak interaction 
as observed in the SPR experiment. The AH-H7N9 
mutant HA bound the human receptor in a cis 
conformation, and the GIn**° formed two hydro- 
gen bonds with sialic acid and one hydrogen bond 
with Gal-2 (Fig. 3F). Although the Leu’”° was 
substituted as Gln**° in the AH-H7N9 mutant 
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HA, the other three residues (Ala'*8, val!®°, and 
Pro~”!) were able to create a hydrophobic region 
(fig. S3) in the RBS, allowing the human receptor 
to bind in a cis conformation. 

Structural comparison revealed that a similar 
cis conformation occurred when SH-H7N9 HA 
and AH-H7N9 HA bound to an avian receptor 
analog, where the glycan moieties sat lower on 
the 220-loop (by ~2 A) in SH-H7N9 HA than in 
AH-H7N9 HA (Fig. 4A). We assume that the 
four hydrophilic residues (Ser'*8, Gly'®°, Thr??', 
and Gln?°) of SH-H7N9 HA are more compat- 
ible for the hydrophilic glycosidic oxygen of the 
avian receptor analog than the four hydrophobic 
residues (Ala'*®, Val!®®, Pro”?!, and Leu?”®) of 
AH-H7N9 HA (fig. S3). The trans conformation 
of avian receptor analog binding was observed 
in the AH-H7N9 mutant HA complex (Fig. 4B), 
and structural comparison revealed a ~180° ro- 
tation around the glycosidic linkage between the 
AH-H7N9 mutant HA complex and the AH-H7N9 
or SH-H7N9 HA complex (Fig. 4, B and C). The 
residues Gly”'® and Gin’! further stabilized the 
conformations of Gal-2 and GlcNAc-3, and dragged 
the two glycan rings toward the 220-loop by ~4 A 
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Fig. 3. Structural comparative analyses of the interactions of AH-H7N9 
HA, SH-H7N9 HA, and AH-H7N9 mutant HA with either avian or human 
receptor analogs. The three secondary structural elements of the binding site 
(i.e., the 130-loop, 190-helix, and 220-loop; H3 numbering) are labeled in ribbon 
representation, together with the selected residues in stick representation. Hydro- 
gen bonds are shown as dashed lines. Green, AH-H7N9 HA; orange, SH-H7N9 HA; 
light blue, AH-H7N9 mutant HA; yellow, glycans. (A to C) AH-H7N9 HA (A), 
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SH-H7N9 HA (B), and AH-H7N9 mutant HA (C) with the avian receptor analogs 
bound. The receptor analogs bind in different conformations in AH-H7N9 HA (cis), 
SH-H7N9 HA (cis), and AH-H7N9 mutant HA (trans). (D to F) AH-H7N9 HA (D), 
SH-H7N9 HA (E), and AH-H7N9 mutant HA (F) with the human receptor analogs 
bound. For AH-H7N9 HA, the receptor analog binds in a cis conformation. Only 
the sialic acid moiety is observed in the SH-H7N9 HA—human receptor complex. 
For AH-H7N9 mutant HA, the receptor analog binds in a cis conformation. 
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or ~6 A, respectively (Fig. 3, A and C, and Fig. 4, 
B and C). 

By contrast, the four hydrophilic residues 
(Ser!8, Gly!®°, Thr?! and Gin2”°) in SH-H7N9 
HA are expected to create an unfavorable en- 
vironment for the nonpolar portion of the human 
receptor analog around the glycosidic linkage, 
which results in no binding to the human recep- 
tor. However, we found that when AH-H7N9 HA 
bound to the human receptor analog, the hydro- 
phobic residues (Ala!?8, Val!®°, Pro”! and Leu”) 
stabilized the cis conformation of the receptor 
analog by creating a favorable platform on which 
the Gal-2 can sit to form a tighter interaction be- 
tween the receptor and the ligand. In the AH-H7N9 
mutant HA complex, the Leu~*° was substituted 
by Gin?”®, but the receptor analog still bound in a 
cis conformation, indicating that the other three 
hydrophobic residues maintained the hydropho- 
bic interaction even in the absence of hydropho- 
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bic Leu~”®, Analysis of the human receptor analog 
showed that there is a 70° rotation around the 
Gal-2 C6-CS5 bond between the AH-H7N9 HA 
and AH-H7N9 mutant HA complexes (Fig. 4D). 
Depending on the orientation of the Gal-2, the 
remaining three glycan rings of the pentasaccha- 
ride may be oriented in different directions (Fig. 
4D). For example, the glycan receptor in the 
AH-H7N9 HA complex would extend from the 
RBS, whereas the glycan receptor in AH-H7N9 
mutant HA complex would extend toward the 
space between the 190-helix and the 220-loop. 
Previous studies have shown that the RBSs of 
the human and swine influenza virus HAs are 
larger than those of the avian influenza virus 
HAs (35). We compared the HAs of AH-H7N9, 
SH-H7N9, and the 1957 Singapore human H2N2 
(57H2N2) to see whether AH-H7N9 HA had ac- 
quired similar characteristics. The distances be- 
tween the 130-loop and the 220-loop of the RBS 
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are larger (by ~1.5 A) in the AH-H7N9 HA struc- 
ture than in the SH-H7N9 HA structure (Fig. 4E). 
By contrast, the distances are comparable between 
the AH-H7N9 mutant HA and SH-H7N9 HA 
(Fig. 4E). It is noteworthy that one hydrogen 
bond was formed between the residues Gln*”° 
and Ser!** in SH-H7N9 HA and that the 220-loop 
and 130-loop were connected tightly (fig. $3). 
In the AH-H7N9 mutant HA, as a result of the 
S138A substitution, the residue Gln*”° was dis- 
placed by ~2 A (fig. S3). The different residue 
interactions might be responsible for the different 
binding properties of AH-H7N9 mutant HA and 
SH-H7N9 HA. The distances between the 130-loop 
and the other two sides of the RBS (190-helix 
and 220-loop) are comparable in the AH-H7N9 HA 
and 57H2N2 HA structures (Fig. 4F). The 150- 
loop moves closer toward the 190-helix of RBS 
by >6 A in the AH-H7N9 HA structure relative 
to the 57H2N2 HA structure (Fig. 4F). Previous 
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Fig. 4. Structural comparison of AH-H7N9 HA, SH-H7N9 HA, and AH-H7N9 
mutant HA complexes. (A) Comparison of RBSs of the AH-H7N9 HA—avian 
receptor (green) and SH-H7N9 HA~avian receptor (orange) complexes. A 
similar cis conformation for glycan binding is observed between these two 
complexes, but the glycan receptor sits lower (by ~2 A) in the SH-H7N9 
complex. (B) Comparison of RBSs of the AH-H7N9 HA—avian receptor 
(green) and AH-H7N9 mutant HA—avian receptor (light blue) complexes. 
The glycan receptor sits lower (by ~4 A) in the AH-H7N9 HA complex. (C) 
Comparison of RBSs of the SH-H7N9 HA—avian receptor (orange) and 
AH-H7N9 mutant HA—avian receptor (light blue) complexes. The glycan 


receptor sits lower (by ~6 A) in the SH-H7N9 HA complex. (D) Comparison 
of RBSs of the AH-H7N9 HA—human receptor (green) and AH-H7N9 mutant 
HA—human receptor (light blue) complexes. There is a 70° rotation around 
the Gal-2 C6-C5 bond. (E) Comparison of RBSs of AH-H7N9 HA (green), 
SH-H7N9 HA (orange), and AH-H7N9 mutant HA (light blue). The RBS of 
AH-H7N9 HA is wider than those of SH-H7N9 HA and AH-H7N9 mutant HA. 
(F) Comparison of RBSs of AH-H7N9 HA (green) and 57H2N2 HA (yellow). 
AH-H7N9 HA has a similarly wide RBS relative to 57H2N2 HA (PDB code 
2WR7), but the 150-loop of AH-H7N9 HA is much closer to the RBS (by >6 A) 
than that of 57H2N2 HA. 
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modeling suggests that longer a-2,6 linkage re- 
ceptor analogs may clash with the 150-loop (36), 
and such loop interference probably causes mul- 
tiple conformations of the glycan rings. This might 
explain why we obtained a poor electron density 
map for the glycan rings GlcNAc-3, Gal-4, and 
GlIcNAc-S of the human receptor analog 6'SLNLN 
in AH-H7N9 HA-human receptor complex. 
Previous studies have shown that HA recep- 
tor binding of appropriate affinity and specificity 
is a requirement for efficient virus transmission be- 
tween individuals and between species (16, 17, 37). 
The loss of affinity for the avian receptor appears 
to be an important factor for efficient human- 
to-human transmission; however, to date, limited 
human-to-human transmission has been observed 
for H7N9, which might be a result of retention of 
high affinity for the avian receptor. Maintenance 
of avian receptor binding can trap the virus in 
the human upper airways, which contain mucin 
molecules rich in o-2,3-linked galactose (38); this 
in turn leads to a requirement of high-dose virus 
to reach the susceptible cells, making human-to- 
human transmission more difficult. Anhui Leu>”°- 
containing virus binds human receptors with a 
greater affinity, and it dominates most of the later 
isolates. The earlier Shanghai Gln**°-containing 
virus became less prominent, implying that the 
H7N9 virus is evolving. Furthermore, our muta- 
genesis study shows that, in contrast to HSN1 HA, 
the Q226L substitution is not solely responsible 
for the avian-to-human receptor-binding switch 
for H7 HA. Previous studies have also shown 
that many North American and Eurasian H7 in- 
fluenza viruses display weak but detectable bind- 
ing to the human-type receptor, highlighting the 
potential of H7 influenza viruses for avian-to- 
human transmission (39). We believe that sur- 
veillance of H7N9 virus isolates for detection of 


the new amino acid substitutions is essential for 
the future implementation of control strategies. 
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Human Influences on Nitrogen 


Removal in Lakes 


Jacques C. Finlay,* Gaston E. Small,t Robert W. Sterner 


Human activities have increased the availability of reactive nitrogen in many ecosystems, leading 
to negative impacts on human health, biodiversity, and water quality. Freshwater ecosystems, 
including lakes, streams, and wetlands, are a large global sink for reactive nitrogen, but factors 
that determine the efficacy of freshwater nitrogen removal rates are poorly known. Using a global 
lake data set, we show that the availability of phosphorus, a limiting nutrient, affects both 
annual nitrogen removal rate and efficiency. This result indicates that increased phosphorus inputs 
from human activities have stimulated nitrogen removal processes in many lakes. Recent 
management-driven reductions in phosphorus availability promote water column accumulation and 
export of nitrogen from large lakes, an unintended consequence of single-element management 
that argues for greater control of nitrogen as well as phosphorus sources. 


xcess reactive nitrogen (N) from fertilizer 
use, crop N fixation, fossil fuel combustion, 
and other sources has led to large changes 
in ecosystems, including shifts in species com- 
position, reduced biodiversity, and air and water 
quality impairment (/—3). Processes such as de- 
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nitrification and long-term storage (burial) in 
aquatic ecosystems remove substantial fractions 
of the total N inputs to watersheds (4) and thus 
provide a valuable ecosystem service by miti- 
gating the impacts of increased human N inputs. 
A large but variable proportion of aquatic N re- 
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moval occurs in freshwater ecosystems, including 
groundwater, wetlands, streams, and lakes (5). 
Greater understanding of freshwater N removal is 
required to make effective management decisions 
to maintain and enhance N removal processes in 
the face of agricultural intensification and expan- 
sion, urbanization, and overall population growth 
that are increasing water quality degradation (5). 

We synthesized annual ecosystem-scale mass 
balance measurements to explore the factors that 
are associated with permanent N removal in lakes, 
a globally important yet highly variable sink for 
N in landscapes (6). To interpret variation in per- 
manent aquatic N removal (defined here as de- 
nitrification plus long-term sedimentary burial of 
organic N), we analyzed physical and biological 
factors known to affect N cycling and transport, 
focusing on factors that co-occur with increased 
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Fig. 1. Major influences on N removal and removal efficiency in lakes 
and reservoirs. (A) Annual rates of permanent TN removal related to an- 
nual N load and site trophic status. (B) Efficiency of TN removal as a function 
of water residence time and trophic status. Values of 0.01 in (A) were negative, 
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Table 1. Models for N retention in lakes selected using Akaike’s information criterion (AIC) 
with correction for finite sample sizes [AIC, (27)]. Effects of N loading (N load), water residence 
time (R), and TP and their interactive influences were examined with AIC, for relationships to total 
N removal. For NRE, load was not included in the model based on AIC,. r? adj., r? adjusted for the 


number of terms included in the model. 


Model r adj. Factors AIC, 
Specific TN retention (n = 85 sites) 
N load, TP, R, N load x TP, Load x R 0.82 6 72.7 
N load, TP, R, N load x TP 0.79 5 83.7 
N load, TP, R 0.78 4 88.6 
N load, TP 0.75 3 95.5 
TP 0.62 2 132.2 
Intercept 0.0 1 212.3 
Ecosystem TN retention 

efficiency (n = 85 sites) 
R, TP, R x TP 0.54 4 -69.5 
R, TP 0.48 3 59.8 
R 0.30 2 -35 
Intercept 0.00 1 =f. 


external N loading to lakes (supplementary text). 
In particular, we examined the role of phosphorus 
(P), a key limiting element in lakes that also has 
been strongly influenced by human activities (7) 
and is an important factor in widespread eutroph- 
ication in fresh water (8). 

Across a diverse and broadly representative 
set of lakes (supplementary text and table S3), 
total N (TN) removal rates (grams of N m~ year ') 
increased with total external TN loading (sum of 
direct deposition, streams and rivers, and ground- 
water) (log TNiemoval =—0.27 + 0.82 x log TNioads 
= 0.78) and maintained high removal even 
under the highest TN loading rates (Fig. 1A). Eco- 
system N removal efficiency (NRE, the proportion 
of TN inputs removed via denitrification or per- 


manent burial) was primarily influenced by water 
residence time, with longer residence times re- 
sulting in increased NRE, and was affected little 
by N loading rate (Table 1, table S1, and Fig. 1B). 
These analyses show that lakes can remove a 
large proportion of TN inputs (up to 90%) from 
surrounding watersheds, providing important 
water quality benefits to downstream ecosystems. 

Although TN loading and water residence 
time had large influences on TN removal rates 
and NRE, respectively, as observed previously 
(9, 10), the availability of P also was found to 
be an important determinant of N fate (Fig. 1, 
Table 1, and tables S1 and S2). For similar TN 
load and water residence time, P-rich eutrophic 
lakes removed over seven times more N than 


0.01 
Water residence time (yr!) 


0.1 1 10 100 =1000 


were assumed to be near zero for oligotrophic lakes, and were excluded for 
the two eutrophic lakes (supplementary text). The actual values are indi- 
cated in parentheses. Regression relationships for each lake type are presented 


oligotrophic lakes and were almost three times 
more efficient in removal of TN loads than were 
unproductive lakes (Fig. 1). 

The observed influence of P on nitrogen re- 
moval is mediated via coupled processes regu- 
lating the transfer of N from the water column to 
anoxic lake sediments (//) that promote N losses 
via denitrification (9). Decades of previous re- 
search have documented the relationships be- 
tween P and individual factors that influence N 
cycling. Briefly, increased P stimulates algal pro- 
duction and inorganic N uptake (8), which in turn 
increase the transfer of N and particulate organic 
matter to lake sediments (/2). This, in turn, drives 
increased heterotrophic metabolism and N min- 
eralization in sediments and decreased dissolved 
oxygen concentrations, which increase denitrifi- 
cation rates (5). The effects of increased P on N 
removal are therefore mediated through inter- 
action with at least two other elements (oxygen 
and carbon) and are the result of both water col- 
umn and sedimentary processes in lakes. Addi- 
tions of P have been demonstrated to increase 
N removal in whole-ecosystem experiments in 
both lakes and streams (/3—/5), providing fur- 
ther support for the role of P as an important 
control over N cycling and fate in freshwater 
ecosystems. Consideration of stoichiometric re- 
lationships among reactive elements will enhance 
our power to predict the fate of N in a wide range 
of complex ecosystems, including estuaries and 
coastal zones, terrestrial ecosystems (/6, /7), 
and lakes. 

The observed influence of P on ecosystem 
TN removal suggests that lake water column N 
inventories should be responsive to changes in 
P availability and trophic status over time. To test 
this prediction, we examined long-term records 
of N and P concentration in 12 large lakes with 
high-resolution data sets and moderate to long 
water residence times (1 to 191 years; Table 2, 
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Table 2. Regression analyses of large lake N (1g of N year“) and P trends (log j1g of P year™*). 
ns, not significant (P > 0.05). TP trends for Lakes Superior and Vanern were not included because 


of a lack of reliable P trend data (supplementary text). 


lake Mean Water residence N trend Log P trend 
depth (m) time (year~*) slope slope 
Garda 133 26.6 ns +0.019 
Iseo 123 4.1 ns +0.012 
Huron 59 22 1.31 —0.012 
Michigan 85 99 2.24 —0.010 
Superior 147 191 2.78 : 
Vanern 27 9.8 4.17 is 
Ontario 85 6 5.04 —0.016 
Maggiore 178 4.1 5.91 —0.018 
Como 154 4.5 7.07 —0.014 
Constance 100 4.3 8.26 —0.034 
Vattern 40 58 9.12 —0.012 
Lucerne 104 il 9.95 —0.019 


Fig. 2. Management influ- 
ences nutrient concentra- 
tion in large lakes. Trends 
in water column (A) TP, (B) 
nitrate or dissolved inorganic 
N (DIN), and (C) NO3:TP or 
DIN:TP for large lakes with 
declining TP. TP and nutrient 
ratio data are not shown for 
Lake Superior, where TP is 
near the analytical detection 
limit, and Lake Vanern, where 
time series at two locations 
show poor correspondence 
and a weak negative trend. 
Decreased productivity related 
to declining P availability has 
been documented in most of 
these lakes, including Supe- 
rior and Vanern (see supple- 
mentary text for details). 
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supplementary text). Many large lakes in devel- 
oped watersheds have undergone steep declines 
in P availability and productivity in response to 
sewage input controls and watershed manage- 
ment, and N loading has also generally declined 
or stabilized (78, 19). However, despite reduced 
or stabilized N loading, N concentrations rose 
markedly (Fig. 2B) in 10 lakes that also exhibited 
decreasing total P (TP) or productivity (Fig. 2A 
and Table 2). These changes increased N:P ra- 
tios, indicating growing imbalances between 
P versus N availability for lake food webs (Fig. 
2C). In contrast, large lakes without rising NO3 
trends did not show declining TP (Table 2). To- 
gether, these results show that large lakes ac- 
cumulate N under conditions of imbalanced N:P 
availability. 

The observed buildup of N in large lakes with 
decreasing P and productivity suggests that such 
systems increasingly lack the capacity to remove 
N inputs because of a weakened ability to assim- 
ilate N and transfer it to benthic denitrification 
zones. Important differences in the management 
and cycling of N versus P help explain the in- 
creasing mismatch between N and P availability. 
Controls of P availability in large lakes have been 
highly effective because of management focused 
on the reduction of watershed erosion and sew- 
age, two primary human sources of P to aquatic 
ecosystems (7). In contrast, N management has 
been less effective because of diverse sources 
of nonpoint N inputs, including nitrate leaching 
from soils and atmospheric deposition, which 
are more difficult to control (20). In contrast to 
large lakes, smaller lakes show decreasing or 
stable NO; and TN trends during recent decades 
(18, 21). These divergent responses are probably 
due to rapid hydrologic turnover in small lakes, 
which obscures trends, as well as the higher avail- 
ability of P and organic carbon (22) from sur- 
rounding watersheds, which may maintain high 
denitrification rates. 

Our results suggest that the P enrichment often 
accompanying increased anthropogenic N loading 
has enhanced the metabolism and removal of N 
in lakes. Where increased N loads are stoichio- 
metrically balanced with adequate P availabil- 
ity, the resulting human-driven enhancement of 
N removal may strongly reduce in-lake N concen- 
trations and downstream export. The addition of 
excess N to unproductive P- and organic carbon— 
poor lakes leads to a stoichiometric imbalance 
that increases P limitation of phytoplankton and 
their consumers (23). Under these conditions, 
water column N accumulation and downstream 
flushing result, because these lakes lack an ef- 
ficient mechanism to remove N. Data from large 
lakes as well as smaller, pristine, oligotrophic 
lakes strongly affected by atmospheric deposition 
support these predictions. Lakes with naturally 
low or reduced P availability (due to effective P 
trapping in sediments or management actions 
that have effectively reduced P) exhibit higher 
concentrations of nitrate than do more productive 
ones (24). 
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Excess P has many adverse effects on lakes, 
and its positive influence on N removal should 
therefore in no way be considered as a rationale 
for relaxing P control measures. Our results instead 
argue for increased attention to control of N sources 
from agricultural, urban, and fossil fuel sources, 
along with further reductions in P sources, to 
counteract negative impacts of N loading. The 
biological effects of rising N and N:P imbalances 
in lakes are incompletely known but may include 
reduced diversity and consumer growth rates (23). 
Furthermore, nitrate accumulation can eventually 
harm drinking water for human population cen- 
ters that rely on lakes for water. Finally, accumu- 
lating N in lakes leads to increased fluvial export 
of N to downstream N-limited freshwater eco- 
systems and coastal zones, where it has been 
shown to stimulate algal blooms and drive a 
host of other water- and air-quality impairments 
(16, 25). Greater reduction of N loads via man- 
agement changes will be difficult given that the 
sources of N are more diffuse than those of P, 
yet essential given the negative impacts of high 
aquatic N concentrations, the increasingly wide- 
spread implementation of P controls, and the 


likelihood of sustained release of reactive N from 
agricultural intensification and fossil fuel com- 
bustion (2, 26). 
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Immunity to Type 4 
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System—Mediated Gene Transfer 


Brian T. Ho, Marek Basler, John J. Mekalanos* 


Gram-negative bacteria use the type VI secretion system (T6SS) to translocate toxic effector 
proteins into adjacent cells. The Pseudomonas aeruginosa H1-locus T6SS assembles in response 
to exogenous T6SS attack by other bacteria. We found that this lethal T6SS counterattack also 
occurs in response to the mating pair formation (Mpf) system encoded by broad-host-range IncPo 
conjugative plasmid RP4 present in adjacent donor cells. This T6SS response was eliminated by 
disruption of Mpf structural genes but not components required only for DNA transfer. Because 
T6SS activity was also strongly induced by membrane-disrupting natural product polymyxin 

B, we conclude that RP4 induces “donor-directed T6SS attacks” at sites corresponding to 
Mpf-mediated membrane perturbations in recipient P. aeruginosa cells to potentially block 


acquisition of parasitic foreign DNA. 


acteria often exhibit antagonistic behav- 
B iors toward each other in microbial com- 

munities (/). One molecular mechanism 
mediating such behavior is the type VI secretion 
system (T6SS) (2). The T6SS is a widely con- 
served (3) dynamic multicomponent nanomachine 
structurally related to contractile phage tails (4, 5). 
Gram-negative bacteria use the T6SS to kill pro- 
karyotic and eukaryotic prey cells through contact- 
dependent delivery of toxic effectors (6, 7). In 
P. aeruginosa, T6SS encoded by the H1-T6SS 
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cluster (8) selectively targets T6SS* bacteria that 
attack it by sensing these exogenous attacks and 
posttranslationally activating its own T6SS at 
the precise location of the initial assaults (9, /0). 
We previously hypothesized that the signal trig- 
gering the T6SS counterattack was the perturba- 
tion of the cell envelope (/0). Thus, we wondered 
whether other systems capable of breeching 
the cell envelope would trigger a similar T6SS 
response. One system capable of delivering macro- 
molecules across the envelopes of other Gram- 
negative cells is the type IV secretion system (T4SS) 
(/1). This secretion system is associated with con- 
jugative elements such as the broad-host-range, 
IncPa plasmid RP4 (/2) as well as virulence ele- 
ments in several bacterial species (/3). T4SS- 
mediated DNA conjugation involves three sets of 


proteins: (i) the core structure and pilus compo- 
nents comprising the mating pair formation (Mpf) 
complex, (ii) the relaxosome complex, which ini- 
tiates DNA transfer by binding to and nicking 
the origin of transfer, and (iii) a coupling protein 
that bridges the relaxosome and Mpf complexes 
(/4). During conjugation, the pilus extends from 
donor cells to mediate close cell-cell contact with 
recipients, which allows transfer of the DNA- 
bound relaxosome components to occur (/4). 
If T4SS-mediated cell-cell interactions could 
trigger T6SS attack, donor cells of a heterolo- 
gous conjugation-proficient T6SS species should 
be sensitive to killing by T6SS* P. aeruginosa. 
Therefore, we determined whether carrying the 
RP4 plasmid affected survival of E. coli K12 
strain MC1061 when grown in competition with 
P. aeruginosa. For consistency with previous 
studies (9, 70), a retS mutant with a transcrip- 
tionally up-regulated H1-T6SS locus was used. 
When mixed with P. aeruginosa, we recovered 
~96% fewer viable E. coli cells carrying RP4 as 
compared with those lacking it (Fig. 1A). This 
difference was not observed for P. aeruginosa 
mutants that were T6SS" (vipA) but was still ob- 
served in a triple mutant lacking the three known 
P. aeruginosa T6SS effectors Tsel, Tse2, and 
Tse3 (Fig. 1A) (7). Although a pppA mutant with 
a hyperactive but unregulated TOSS could slight- 
ly inhibit E. coli growth, there was no enhanced 
killing of E. coli cells carrying RP4 compared 
with those without it (Fig. 1A), and deletion of 
tagT, a gene critical for sensing exogenous T6SS 
attack (/0), completely abolished E£. coli killing 
(Fig. 1A). Furthermore, in a three-strain mixture 
containing RP4* and RP4” E. coli with P. aeruginosa, 
only RP4° E. coli were killed (Fig. 1B). Thus, 
T6SS-dependent killing of RP4" E. coli involves 
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the same attack-sensing mechanism implicated in 
the T6SS counterattack responses (/0). 

We next determined the genetic require- 
ments for the RP4-dependent induction of the 
P. aeruginosa TOSS donor-directed attack. RP4 
was subjected to transposon mutagenesis and 
transformed into £. coli strain MC1061. Individ- 
ual mutants were sequenced to determine transpos- 
on insertion sites (Fig. 1C). Conjugation efficiency 
into recipient E. coli stra MG1655 was then 
determined for each of these RP4 mutants, and 


Fig. 1. Mpf induces a donor-directed T6SS at- 
tack in P. aeruginosa. (A) Summary of compe- 
tition assays between either MC1061 (gray) or 
MC1061 RP4 (black) and the indicated strains of 
P. aeruginosa. Reported are the numbers of colony- 
forming units (CFUs) of surviving E. coli. Data are 
mean + SD with n = 4 to 8 independent replicates. 
(B) Summary of 3-strain competitions between 
MC1061, MC1061 RP4 AtraG (Tra, but Mpf*), and 
P. aeruginosa. Surviving CFUs of each E. coli strain 
determined by plating on media selective for each 
strain (n = 6 independent replicates). (C) Map of 
the RP4 plasmid indicating positions of transposon 
insertions. Labels with two genes separated by a 
slash (for example, traE/traF) represent insertions 
into the intergenic region between the two genes. 
(D) Plot of T6SS activation efficiency versus conju- 
gation efficiency for each transposon mutant. De- 
tails on the indicated clusters are available in the 
text and table $1. Efficiencies are scaled so that 
values for wild-type RP4 are 100% and the RP4~ 
parent strain are 0%. The blue dot represents wild- 
type RP4. The lower limit of detection for our assay 
was ~200 conjugants; mutants for which the conju- 
gation efficiency was below this number are reported 
as 0% in the graph. 


Fig. 2. IncN but not IncF induces donor-directed 
T6SS attacks. (A and B) Summary of E. coli survival 
after competition with T6SS* (black bars) or T6SS~ 
(gray bars) P. aeruginosa. Data are mean + SD, n= 
3 independent replicates. (A) Competition assays 
between P. aeruginosa and E. coli MG1655 carry- 
ing no plasmid, RP4, or pKM101. pKM101 confers 
streptomycin resistance, so MG1655 rather than 
MC1061 was used. (B) Competition assays between 
P. aeruginosa PAO1 and E. coli MC1061 carrying 
no plasmid, RP4, RP4 hyper-inducer Tra’ Mpf* mutant 
(AtraG), or F’. F’ was confirmed to be functional by 
successfully mating into several different E. coli strains. 


www.sciencemag.org SCIENCE VOL 342 


TOSS activation efficiency was calculated from 
the survival rate of MC1061 E. coli with these 
mutant plasmids grown in competition with T6SS* 
P. aeruginosa (table $1). Plotting the data for 
each mutant revealed several different phenotype 
clusters (Fig. 1D). Mutants in cluster 1 maintained 
wild-type levels of conjugation efficiency and 
induced TOSS killing at levels comparable with 
the wild-type plasmid. Most of these mutants 
were insertions in genes outside of the tra/ or 
tra2 loci, the exceptions being a disruption in 
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the RP4 entry exclusion factor w-bK (/5) and a 
disruption of traE, a topoisomerase II homo- 
log (16). Neither of these genes are required for 
the Mpf system or DNA transfer (table S1) (/7). 
Mutants in cluster 2 were completely defective 
in their ability to transfer DNA and did not in- 
duce the T6SS donor—directed killing response in 
P. aeruginosa. All of these insertions disrupted 
genes encoding Mpf structural components (table 
S1). There were two outliers not quite in cluster 
1 or 2 that were still able to transfer DNA but did 
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not induce a T6SS response (table S1): insertions 
in trbH, a lipoprotein believed to connect the pilus 
to the core complex (/4); and tbN, a periplasmic 
transglycosylase that remodels the donor peptido- 
glycan and is required for pilus synthesis (14). Sim- 
ilar transposon disruptions of homologs of #bH 
(18) and trbN (19) in heterologous T4SSs affect 
the formation and stability of the Mpf pili. Mu- 
tants in cluster 3 induced a greater donor-directed 
T6SS response than that of wild-type RP4 but 
were defective in DNA conjugation (Fig. 2B). 
These mutants included disruptions of relaxo- 


Log, 9 CFU Conjugants 


PAO1 retS PAO1 PAO1 PAO1 
retSvipA retSpppA retStagT 


some components ¢ral and traJ as well as cou- 
pling protein #-aG (table S1). Like those in cluster 
3, mutants in cluster 4 also induced more T6SS 
killing than did the wild type but exhibited no 
defect in conjugation. Although it remains unclear 
why cluster-3 and -4 mutants induce more effi- 
cient T6SS-mediated killing, it is clear that suc- 
cessful DNA transfer is not required to trigger a 
TOSS attack by P. aeruginosa. We next determined 
whether other conjugative plasmids were also 
able to induce donor-directed T6SS attack. IncN 
compatibility group plasmid pKM101 (20) induced 


Fig. 3. Donor-directed T6SS attack blocks heterologous transfer of DNA. (A) The conjugation 
efficiency into different P. aeruginosa mutants. Data are mean + SD, n = 7 independent replicates. 
(B) Representative field of cells containing a mixture of P. aeruginosa PAO1 AretS clpV1-gfp (green) and 
E. coli $17-1 RP4* donor cells (nonfluorescent). £. coli cells exhibit cell rounding characteristic of T6SS- 
mediated killing (arrows). Larger magnification of rounding cells are shown in the insets. 
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Fig. 4. Activation of T6SS organelle formation in response 
to polymyxin B treatment requires TagT. (A) Wild-type (WT) 
or tagT mutant (AtagT) P. aeruginosa cells were imaged every 
10 s starting immediately after being spotted onto agar pads 
containing 0 [untreated (UT)] or 20 ug/mL polymyxin B (PB). 
Total number of ClpV1-GFP foci was divided by the number of 
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cells for each field of cells to determine the average number 
of foci per cell. Each curve represents the mean of 12 to 16 fields with 250 to 600 cells in each field + SD. (B) Color scale used to temporal-color code 


ClpV1-GFP signal. (C to F) ClpV1-GFP localization was followed for 5 min and temporally color-coded. 


a TOSS attack comparable with that of RP4 (Fig. 
2A), whereas E. coli carrying the sex factor F 
plasmid was unaffected by T6SS* P. aeruginosa 
(Fig. 2B). It is not known why the E. coli F 
factor cannot be successfully transferred into 
P. aeruginosa (21), but this observation suggests 
that T6SS activation correlates to some degree 
with whether the host range of a given plasmid 
includes P. aeruginosa. 

If the P. aeruginosa donor-directed T6SS at- 
tack could be triggered by the Mpf system of donor 
species, then this attack might suppress plasmid 
transfer into a population of T6SS* P. aeruginosa 
cells. Accordingly, we measured the frequency with 
which the plasmid pPSV35 (22) could be trans- 
ferred into T6SS* or T6SS” P. aeruginosa from 
the E. coli donor strain SM10 (23), which carries 
a chromosomally integrated RP4 plasmid. Be- 
cause pPSV35 does not encode its own transfer 
machinery but can be mobilized by the SM10- 
encoded conjugation system (22), the frequency 
with which P. aeruginosa cells acquired pPSV35 
reflects the efficiency at which this plasmid is 
transferred into but not between P. aeruginosa cells. 
When donor £. coli and recipient P. aeruginosa 
were mixed at a 1:1 ratio, we observed an ~86% 
decrease in conjugation efficiency into a T6SS* 
strain as compared with its isogenic T6SS" vipA 
mutant (Fig. 3A). This reduction in transfer effi- 
ciency did not match the observed magnitude 
of killing of RP4* MC1061 (Fig. 1A), probably 
because of intrinsic differences in the ability of 
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various donor strains to promote Mpf and T6SS 
activation with P. aeruginosa, which is similar 
to what we observed in our RP4 mutant analysis 
(Fig. 1D). P. aeruginosa mutants defective in the 
attack-sensing pathway genes tagT7 and pppA (10) 
also exhibited greater conjugation efficiency as 
recipient strains (Fig. 3A). Examination of mix- 
tures of T6SS* P. aeruginosa and E. coli RP4* 
donor cells by means of fluorescence microscopy 
revealed rounding and blebbing of E. coli cells— 
a response that is typical of T6SS-mediated bac- 
terial killing (Fig. 3B). Thus, inhibition of the 
conjugative transfer of pPSV35 was likely due to 
killing of E. coli cells through a donor-directed 
TOSS attack by P. aeruginosa. 

The fact that multiple secretion systems can 
induce a T6SS counterattack suggested that the 
signal initiating this response really is a general- 
ized disruption of the P. aeruginosa membrane. 
Accordingly, we asked whether polymyxin B—an 
antibiotic known to disrupt Gram-negative bac- 
terial membranes by binding the lipid A com- 
ponent of lipopolysaccharides (24—-26)—could 
induce T6SS activity in P. aeruginosa. We used 
a P. aeruginosa strain carrying a ClpV1-GFP 
and fluorescent time-lapse microscopy to monitor 
TOSS organelle formation and dynamics (9, /0) 
after exposure to polymyxin B. Cells exhibited 
a sixfold increase in the average number of visi- 
ble ClpV1-GFP foci per cell within 90 s of being 
spotted onto agar pads containing 20 ug/mL of 
polymyxin B (Fig. 4, A and C, and movie S1). 
After this increase in T6SS activity, most ClpV1- 
GFP foci disappeared over the next 3 min, with 
the remaining foci becoming nondynamic (Fig. 
4A and movie S1). The loss of dynamics likely 
reflects consumption of intracellular adenosine 
5’-triphosphate pools after prolonged exposure 
to polymyxin B intoxication. This increase in 
TOSS activity was not observed when cells were 
spotted onto agar pads lacking polymyxin B 
(Fig. 4, A and D, and movie S1). Additionally, this 
increase in ClpV1-GFP foci was not observed 
in tagT mutants even in the presence of poly- 
myxin B (Fig. 4, A, E, and F; and movie S82), 
suggesting that the same attack-sensing path- 
way that senses T4SS and TOSS attacks is re- 
sponding to this antibiotic and mediates activation 
of the TOSS. 

These studies support a model in which 
the donor-directed T6SS attack response in 
P. aeruginosa likely involves detection of per- 
turbations in the cell envelope caused by the 
invasive components of the T4SS conjugation 
machinery. T6SS may represent a type of bac- 
terial “innate immune system” that can detect 
and attack invading infectious elements not by 
recognizing their molecular patterns [such as nu- 
cleic acid sequences, as do the clustered regularly 
interspaced short palindromic repeat (CRISPR) 
elements (27, 28); or unmethylated DNA, as do 
restriction enzymes (29)] but rather by recog- 
nizing “transfer-associated patterns” (TAPs), in- 
cluding membrane disruptions that occur during 
interactions with other cells deploying T6SS and 
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TASS translocation machines. Broad-host-range 
conjugative elements represent infectious bacte- 
rial “diseases” that can cause metabolic stress on 
their newly acquired hosts and thus represent a 
fitness burden to bacterial populations unable 
to combat their acquisition. The donor-directed 
TOSS attack paradigm may represent a strategy 
for suppressing the movement of horizontally 
transferred genetic elements in bacterial popu- 
lations regardless of their signature molecular 
patterns (such as nucleic acid chemical structures 
or primary sequences). 
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An Erythroid Enhancer of BCL17A 
Subject to Genetic Variation 
Determines Fetal Hemoglobin Level 
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Genome-wide association studies (GWASs) have ascertained numerous trait-associated common 
genetic variants, frequently localized to regulatory DNA. We found that common genetic variation 
at BCL11A associated with fetal hemoglobin (HbF) level lies in noncoding sequences decorated by 
an erythroid enhancer chromatin signature. Fine-mapping uncovers a motif-disrupting common 
variant associated with reduced transcription factor (TF) binding, modestly diminished BCL11A 
expression, and elevated HbF. The surrounding sequences function in vivo as a developmental 
stage-specific, lineage-restricted enhancer. Genome engineering reveals the enhancer is required 
in erythroid but not B-lymphoid cells for BCL11A expression. These findings illustrate how 
GWASs may expose functional variants of modest impact within causal elements essential for 
appropriate gene expression. We propose the GWAS-marked BCL11A enhancer represents an 
attractive target for therapeutic genome engineering for the B-hemoglobinopathies. 


enome-wide association studies (GWASs) 
have identified numerous common single- 
nucleotide polymorphisms (SNPs) asso- 


ciated with human traits and diseases. However, 
advancing from genetic association to causal bi- 


ologic process has been challenging (/). Recent 
genome-scale chromatin mapping studies have 
highlighted the enrichment of GWAS variants in 
regulatory DNA elements, suggesting many causal 
variants may affect gene regulation (2-6). GWASs 
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of HbF level have identified trait-associated var- 
iants at BCL11A (supplementary text) (7—/2). The 
transcriptional repressor BCL11A has been vali- 
dated as a direct regulator of HbF level (/3—/8). 
Although constitutive BCL11A deficiency results 
in embryonic lethality and impaired lymphocyte 
development (19, 20), erythroid-specific defi- 
ciency of BCL11A counteracts developmental 
silencing of embryonic and fetal globin genes 
and rescues the hematologic and pathologic fea- 
tures of sickle cell disease (SCD) in mouse mod- 


els (/7). 
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To further understand how common genetic 
variation affects BCL11A, HbF level, and B-globin 
disorder severity, we compared the distribution 
of the HbF-associated SNPs at BCL1/A with de- 
oxyribonuclease I (DNase J) sensitivity, which 
is an indicator of chromatin state suggestive of 
regulatory potential. In primary human erythro- 
blasts, three peaks of DNase I hypersensitivity 
were observed in intron-2, adjacent to and over- 
lying the HbF-associated variants (Fig. 1A). We 
term these DNase I hypersensitive sites (DHSs) 
+62, +58, and +55 based on distance in kilobases 
from the transcription start site (TSS) of BCL/1A. 
Brain and B-lymphocytes, two tissues that ex- 
press high levels, and T-lymphocytes, which do 
not express BCL11A, showed distinct patterns of 
DNase I sensitivity at the BCL1/A locus, with a 
paucity of hypersensitivity overlying the trait- 
associated SNPs (Fig. 1A and fig. S1). 

Chromatin immunoprecipitation sequencing 
(ChIP-seq ) demonstrated histone modifications 
with an enhancer signature overlying the trait- 
associated SNPs at BCL//A intron-2, including 
the presence of H3K4mel and H3K27ac and 
absence of H3K4me3 and H3K27me3 marks 
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(Fig. 1A and fig. S1). The major erythroid TFs 
GATAI and TAL] also occupy this enhancer re- 
gion. ChIP—quantitative polymerase chain reaction 
(PCR) confirmed three discrete peaks of GATA1 
and TAL] binding within BCL//A intron-2, each 
falling within an erythroid DHS (Fig. 1B). A com- 
mon feature of distal regulatory elements is long- 
range interaction with cognate promoters. We 
evaluated the interactions between the BCL/1A 
promoter and fragments across 250 kb of the 
BCL1IA locus using a chromosome conforma- 
tion capture assay. The greatest promoter inter- 
action was observed within the region of intron-2 
containing the trait-associated SNPs (Fig. 1C). 
We hypothesized that the causal trait-associated 
SNPs could function by modulating critical cis- 
regulatory elements. Therefore, we performed 
extensive genotyping of SNPs within the three 
erythroid DHSs +62, +58, and +55 in 1263 DNA 
samples from the Cooperative Study of SCD 
(CSSCD) (21). We used 1178 individuals and 
38 SNPs for association testing (fig. S2A). Anal- 
ysis of common variants [minor allele frequen- 
cy (MAF) > 1%] revealed that rs1427407 in 
DHS +62 had the strongest association to HbF 
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Fig. 1. Chromatin state and TF occupancy at BCL11A. (A) ChiP-seq from human erythroblasts with 
indicated antibodies. DNase | cleavage densities are from indicated human tissues. Three erythroid DHSs 
termed +62, +58, and +55 are based on distance in kilobases from BCL11A TSS. BCL11A transcription is 
from right to left. (B) ChlP—quantitative PCR from human erythroblasts at BCL1A intron-2. DHSs +62, +58, 
and +55 are boxed. Enrichment at negative (GAPDH and OCT4) and positive control (B-globin LCR HS3 and 
a-globin HS-40) loci are displayed. (C) Chromosome conformation capture in human erythroblasts using 


BCL11A promoter as anchor. Error bars indicate SD. 
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Fig. 2. Regulatory variants at BCL12A. (A) 
Genotype data obtained in 1178 individuals from 
CSSCD for 38 variants within BCL11A +62, +58, or 
+55 DHSs. Shown are most highly significant asso- 
ciations to HbF level among common (MAF > 1%) 
SNPs (n = 10 variants) before (rs1427407) or after 
(rs7606173) conditional analysis on rs1427407. 
SNP coordinates are chromosome 2, build hg19. 
(B) Chromatin from erythroblasts of individuals 
heterozygous for rs1427407, immunoprecipitated 
by GATA1 or TAL1 and pyrosequenced to quantify 
the relative abundance of the rs1427407-G allele. 
Composite half E-box—GATA motif previously iden- 
tified (23) is shown. (C) gDNA and cDNA from eryth- 
roblasts of individuals heterozygous for rs1427407, 
1s7606173, and rs7569946. Haplotyping demon- 
strated rs7569946-G, rs1427407-G, and rs7606173-C 
on the same chromosome in each. Pyrosequencing was 
performed to quantify the relative abundance of the 
157569946-G allele. 
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Fig. 3. The GWAS-marked BCL11A enhancer is sufficient for adult-stage —_ (FL) of stable transgenic embryos at 12.5 dpc X-gal stained. (C) Sorted erythro- 
erythroid expression. (A) A 12.4-kb fragment of BCL11A intron-2 (+52.0 to _ blasts and B-lymphocytes from young adult stable transgenic mice subject to 
64.4 kb from TSS) was cloned to a lacZ reporter construct. Shown is a transient X-gal staining or RNA isolation followed by quantitative reverse transcription 
transgenic mouse embryo from 12.5 dpc X-gal stained. Arrowhead indicates  (RT)—PCR. Gene expression was normalized to glyceraldehyde-3-phosphate de- 
liver. (B) Cell suspensions isolated from peripheral blood (PB) and fetal liver hydrogenase and expressed relative to T-lymphocytes. Error bars indicate SD. 
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level (P= 7.23 x 10 *°) (Fig. 2A, fig. S2B, and 
supplementary text). We identified associations 
to HbF level within the three DHSs that re- 
mained after conditioning on rs1427407 (Fig. 
2A and fig. S2B), which is consistent with the 
hypothesis that multiple functional SNPs with- 
in the composite enhancer act combinatorially 
to influence BCL11A regulation. The most sig- 
nificant residual association was for rs7606173 
in DHS +55 (P= 9.66 x 10 '!). 

The SNP rs1427407 falls within a peak of 
GATA1 and TAL] binding (Fig. 1, A and B). The 
minor T-allele disrupts the G-nucleotide of a se- 
quence element resembling a half E-box/GATA 
composite motif [CTG(n))GATA], a consensus 
sequence enriched for chromatin bound by GATA1 
and TAL1 complexes in erythroid cells (22, 23). 
We identified five primary erythroblast samples 
from individuals heterozygous for the major 
G-allele and minor T-allele at rs1427407 and sub- 
jected these samples to ChIP followed by pyro- 
sequencing. As anticipated, we observed an even 
balance of alleles in the input DNA. However, 
we detected more frequent binding to the G-allele 
as compared with the T-allele in both the GATA1 
and TAL] immunoprecipitated chromatin sam- 
ples (Fig. 2B). 

Because the common synonymous SNP 
187569946 lies within exon-4 of BCL/IA, it can 
be used to discriminate expression of alleles. 
We identified three primary erythroblast samples 
doubly heterozygous for the rs1427407-1s7606173 
haplotype and rs7569946. For each sample, we 
determined by means of molecular haplotyping 
that the major rs7569946 G-allele was in phase with 
the low-HbF-associated rs1427407-1s7606173 
G-C haplotype (table S4) (24, 25). Pyrosequencing 
revealed that whereas the alleles were balanced 
in genomic DNA (gDNA)), significant imbalance 
was observed in complementary DNA (cDNA) 
with 1.7-fold increased expression of the low-HbF— 
linked G-allele of rs7569946 (Fig. 2C and sup- 
plementary text). 


To understand the context within which these 
apparent regulatory trait-associated SNPs play 
their role, we explored the function of the har- 
boring composite element. We cloned a 12.4-kb 
(+52.0 to 64.4 kb from TSS) human gDNA frag- 
ment containing the three erythroid DHSs in order 
to assay enhancer potential in a mouse transgenic 
lacZ reporter assay (fig. S4). Endogenous BCL11A 
shows abundant expression throughout the de- 
veloping central nervous system, with much lower 
expression observed in the fetal liver (26). In 
contrast, we observed in the transgenic embryos 
reporter gene expression largely confined to the 
fetal liver, the site of definitive erythropoiesis, with 
weaker expression noted in the central nervous 
system (Fig. 3A). 

A characteristic feature of globin gene and 
BCLIA expression is developmental regula- 
tion (supplementary text). In stable transgenic 
BCLIIA +52.0- to 64.4-kb reporter lines at 12.5 days 
post coitum (dpc), circulating primitive erythro- 
cytes failed to stain for X-gal, whereas definitive 
erythroblasts in fetal liver robustly stained pos- 
itive (Fig. 3B). Endogenous BCL11A was ex- 
pressed at 10.4-fold—higher levels in B-lymphocytes 
as compared with erythroblasts. LacZ expression 
was restricted to erythroblasts and not observed 
in B-lymphocytes (Fig. 3C). These results indi- 
cate that the GWAS-marked BCL//A intron-2 
regulatory sequences are sufficient to specify de- 
velopmentally restricted, erythroid-specific gene 
expression. 

We aimed to disrupt the enhancer to investigate 
its requirement for BCL11A expression. Because 
there are no suitable adult-stage human erythroid 
cell lines, we tured to the mouse erythroleukemia 
(MEL) cell line. We observed an orthologous en- 
hancer signature at intron-2 of mouse Bc///a in- 
dicated by sequence homology, erythroid-specific 
DNase I hypersensitivity, characteristic histone 
marks, and GATA1/TAL1 occupancy (fig. S6) 
(22, 27). Sequence-specific nucleases can produce 
small chromosomal deletions via nonhomologous 
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end joining (NHEJ)-mediated repair (28). We en- 
gineered transcription activator-like effector nu- 
cleases (TALENs) to introduce double-strand breaks 
to flank the orthologous 10-kb Bcl//a intron-2 
sequences carrying the erythroid enhancer chro- 
matin signature (fig. S7A). Three different clones 
were isolated that had undergone biallelic ex- 
cision of the intronic segment (figs. S7 and S8 
and supplementary text). BCL11A transcript 
was profoundly reduced in the absence of the 
orthologous erythroid composite enhancer (Fig. 
4A). BCL11A protein expression was not detect- 
able in the enhancer-deleted clones (Fig. 4B). In 
the absence of the BCL11A enhancer, embryonic 
globin gene derepression was pronounced, with 
the ratio of embryonic ey to adult 81/2 globin in- 
creased by a mean of 364-fold (fig. S9). 

To examine potential lineage-restriction of 
the requirement for the +50.4- to 60.4-kb intronic 
sequences for BCL11A expression, we evaluated 
their loss in a nonerythroid context. The same 
strategy of introduction of two pairs of TALENs 
to obtain clones with NHEJ-mediated deletion 
was used in a pre-B lymphocyte cell line. In con- 
trast to the erythroid cells, BCL11A expression 
was retained in the A50.4- to 60.4-kb enhancer 
deleted pre-B cell clones at both the RNA and 
protein levels (Fig. 4, A and B). These results in- 
dicate that the orthologous erythroid enhancer se- 
quences are essential for erythroid gene expression 
but are not required in B-lymphoid cells for in- 
tegrity of transcription from the Bcll/a locus. 

The prior identification of BCL11A as a crit- 
ical repressor of HbF levels has raised new hope 
for mechanism-based therapeutic approaches to 
the B-hemoglobinopathies (29). However, the par- 
adox that genetic variation at BCL//A is common, 
well-tolerated, and disease-protective despite the 
critical roles of BCL11A in neurogenesis and lym- 
phopoiesis (19, 20, 30) has remained unresolved. 
We have demonstrated that the HbF-associated var- 
iants localize to an erythroid enhancer of BCL/LA. 
Through allele-specific analyses, we show that 
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Fig. 4. The GWAS-marked BCL11A enhancer is necessary 
for erythroid but dispensable for nonerythroid expres- 
sion. (A) Three MEL and two pre-B lymphocyte clones with 
biallelic deletion of the orthologous Bcl11a erythroid enhancer 
(A50.4 to 60.4) subject to quantitative RT-PCR. (B) Immunoblot 
of A50.4 to 60.4 MEL and pre-B lymphocyte clones. 
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genetic variation within this enhancer is associated 
with modest impact on TF binding, BCL11A ex- 
pression, and HbF level. Relatively small effect 
sizes associated with individual variants may not 
be surprising given that most single-nucleotide 
substitutions, even within critical motifs, result in 
only modest loss of enhancer activity (3/7, 32). In 
contrast, loss of the BCL//A enhancer results in 
the absence of BCL11A expression in the erythroid 
lineage. Most trait-associated SNPs identified by 
GWAS are noncoding and have small effect sizes 
(/, 33). The impact of GWAS-identified SNPs on 
biological processes is often uncertain. Our find- 
ings underscore how a modest influence engendered 
by an individual noncoding variant neither pre- 
dicts nor precludes a profound contribution of an 
underlying regulatory element. 

Challenges to inhibiting BCL11A for mechanism- 
based reactivation of HbF include the suppos- 
edly “undruggable’” nature of transcription fac- 
tors (34) and its important nonerythroid functions 
(20, 30). With recent developments in their ef- 
ficiency and precision, sequence-specific nucle- 
ases can be designed to exquisitely target genomic 
sequences of interest (35-37). We propose the 
GWAS- identified enhancer of BCL/IA as a par- 
ticularly promising therapeutic target for genome 
engineering in the B-hemoglobinopathies. Disrup- 
tion of this enhancer would impair BCL11A ex- 
pression in erythroid precursors with resultant 
HDF derepression while sparing BCL11A expres- 
sion in nonerythroid lineages. Rational inter- 
vention might mimic common protective genetic 
variation. 
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Ancient DNA Reveals Key Stages in 
the Formation of Central European 
Mitochondrial Genetic Diversity 
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The processes that shaped modern European mitochondrial DNA (mtDNA) variation remain unclear. 
The initial peopling by Palaeolithic hunter-gatherers ~42,000 years ago and the immigration of 
Neolithic farmers into Europe ~8000 years ago appear to have played important roles but do not 
explain present-day mtDNA diversity. We generated mtDNA profiles of 364 individuals from 
prehistoric cultures in Central Europe to perform a chronological study, spanning the Early 
Neolithic to the Early Bronze Age (5500 to 1550 calibrated years before the common era). We used 
this transect through time to identify four marked shifts in genetic composition during the 
Neolithic period, revealing a key role for Late Neolithic cultures in shaping modern Central 


European genetic diversity. 


he Central European Neolithic and the sub- 

sequent Early Bronze Age (EBA) reflect 

periods of momentous cultural changes 
(/-4). However, the extent to which such pre- 
historic cultural changes were accompanied by 
differences in the underlying genetics of local 
populations (/—5) and how such population shifts 
contributed to the present-day genetic diversity 
of Central Europe (6—9) are yet to be understood. 
Ancient DNA studies have revealed genetic dis- 
continuities between indigenous hunter-gatherers 
and early farmers and between the latter and 
present-day Europeans (/0, //). Although this 
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confirms the importance of genetic shifts after 
the arrival of farming, the number and sequence 
of events and their potential origins and contri- 
butions to the genetic composition of modern-day 
Central Europe remain unclear (5, 6, /2). 

We collected samples from 25 sites of the 
Mittelelbe-Saale region in Saxony-Anhalt, Germany, 
attributed to nine archaeological cultures of the 
Early, Middle, and Late Neolithic period and the 
EBA, spanning ~4000 years (Fig. 1A, figs. S1 and 
S82, and table S1) (73). Mittelelbe-Saale played a 
key role in human prehistory in Central Europe 
(4, 13), and the continuous settlement activity 
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from the Palaeolithic until today provides a de- 
tailed record of Neolithic cultures, including those 
with expansive European importance, such as the 
Linear Pottery (LBK), Funnel Beaker (FBC), 
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Corded Ware (CWC), and Bell-Beaker cultures 
(BBC) (fig. S2) (/—-4, 73). We genotyped the 
hypervariable segment I and II of the control re- 
gion and 22 single-nucleotide coding region poly- 
morphisms from 364 individuals (tables S2 and 
S3) (73), allowing unambiguous haplogroup as- 
signment, in order to characterize changes in the 
mitochondrial DNA (mtDNA) variability of the 
Mittelelbe-Saale cultures. To examine genetic af- 
finities of the investigated cultures to prehistoric and 
modern-day populations, we used 198 mtDNA data 
from published Mesolithic, Neolithic, and Bronze 
Age specimens across western Eurasia (Fig. 1B and 
table S4) (73) and a database of 67,996 sequences 
from present-day Eurasian populations (/3). We 
animated our results to illustrate the observed changes 
in space and time (movie S1). 

In order to detect patterns of continuity or 
discontinuity among and between the archae- 
ological cultures, we conducted a cluster analysis 


(Fig. 2A and table S5) based on haplogroup fre- 
quencies and used sequence data to perform a 
genetic distance analysis (Fy) (Fig. 2, B and C, 
and table S6) and analyses of molecular variance 
(AMOVA) (table S7) (73). We performed a Mantel 
test to examine whether the genetic distances 
correlate with the temporal distances between 
the ancient cultures, as expected from genetic 
drift affecting small populations. However, the 
Mantel test shows no strong correlation with time 
(Pearson’s coefficient r = 0.3923, P= 0.0591), 
suggesting more sudden and marked fluctuations 
in genetic composition. We also developed a test 
for population continuity (TPC) (Fig. 2D and 
table S8) to further evaluate whether changes in 
haplogroup frequencies and composition could 
be explained by genetic drift or are likely due to 
other factors such as introgression via migration 
(introducing new haplogroups) or replacement 
(73). Our detailed transect through time reveals 
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Fig. 1. Location of Mittelelbe-Saale and prehistoric comparative data, 
as well as PCA and Ward clustering. (A) The locations of study sites in the 
Mittelelbe-Saale region in Saxony-Anhalt, Germany, of the Early Neolithic (LBK; 
RSC, Réssen culture; and SCG, Schéningen group), Middle Neolithic (BAC, 
Baalberge culture), SMC, Salzmiinde culture; and BEC), Late Neolithic (CWC 
and BBC), and Early Bronze Age (UC, Unetice culture) cultures. (B) The lo- 
cations of published data from 11 Mesolithic (HGC, hunter-gatherer Central 
Europe; HGS, hunter-gatherer South Europe; HGE, hunter-gatherer East Europe; 
and PWC, Pitted Ware culture), Neolithic [CAR, (Epi)Cardial; NPO, Neolithic 
Portugal, NBQ, Neolithic Basque Country and Navarre; FBC; TRE, Treilles cul- 
ture], and Bronze Age [BAS, Bronze Age Siberia; BAK, Bronze Age Kazakhstan 


(not shown)] populations. Symbols indicate populations from Central Europe 
(squares and diamonds), southern Scandinavia (circles), the Iberian Peninsula 
(triangles), and East Europe/Asia (stars). Color shading of data points denote to 
hunter-gatherer (gray), Early Neolithic (brown), Middle Neolithic (orange), and 
Late Neolithic/EBA (yellow) samples [for further information see (13), figs. $1 
and S2, and tables $1 to $4]. The haplogroup frequencies of these populations 
(table S9) were used to perform PCA (C) and Ward clustering (D). The first two 
principal components of the PCA display 32.8% of the total genetic varia- 
tion. We superimposed each haplogroup as component loading vectors (gray), 
proportionally to their contribution. P values of the clusters are given in per- 
cent of reproduced clusters based on 10,000 bootstrap replicates. 
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a complex pattern of both genetic continuity and 
discontinuity (Fig. 2, A to D, and tables S5 to S8), 
based on the assumption that haplogroups are 
monophyletic and neutral, that is, not evolving 
into new haplogroups via mutations from an 
existing haplogroup or resulting from selection. 
Indigenous Central European hunter-gatherers 
(0, 14) are set apart from the Neolithic Mittelelbe- 
Saale cultures on the basis of both cluster analysis 
(Fig. 2A) and significantly different F,, values 
(Fy. = 0.0845 to 0.21358, P= 0.00000 to 0.03292) 
(Fig. 2B), because of mutually exclusive haplo- 
group compositions (fig. S3 and movie S1). The 
results of the TPC show that the transition from 
hunter-gatherers to the LBK farmers cannot be 
explained by genetic drift alone (P = 0.000001) 
(Fig. 2D), consistent with previous findings (70, //). 

The Mittelelbe-Saale cultures themselves can 
be further differentiated into distinct Early/Middle 
Neolithic and Late Neolithic/EBA clusters (Fig. 
2A), as shown by significantly higher F,, values 
(Fs = 0.02776 to 0.05605, P = 0.00000 to 
0.016616) (Fig. 2, B and C). The two groupings 
are also strongly supported in AMOVA tests, 
where 289 different combinations of the ancient 
cultures were examined. We found the highest 
among-group variance, and low variation within 
the groups, when the Mittelelbe-Saale cultures 


were separated into two groups of Early/Middle 
Neolithic and Late Neolithic/EBA cultures (among 
groups 3.06%, F., = 0.03061, P= 0.00683; within 
groups 0.45%, F, = 0.00468, P = 0.18891) (table 
S7). Similarly, TPC also indicates that changes in 
the mtDNA profiles between most of the Early/ 
Middle Neolithic cultures and the Late Neolithic/ 
EBA (P = 0.000007 to 0.049428) as well as be- 
tween the BBC and EBA (P = 0.000803) (Fig. 
2D) cannot be explained by drift alone. These re- 
sults suggest multiple population genetic shifts: the 
first during the introduction of farming, followed 
by further changes during the later Neolithic. 

To further explore these patterns, we used a 
principal component analysis (PCA) and a clus- 
ter analysis (Fig. 1, C and D, and table S9) to 
describe the characteristic haplogroups of each 
culture and to identify genetic affinities to other 
prehistoric populations (/3). We then examined 
affinities to present-day Eurasian populations to 
inform on potential geographic origins of the dif- 
ferent cultures. We performed multidimensional 
scaling (MDS) (fig. S4, A to I, and table S10) 
based on continuous sequence data, which is sen- 
sitive to shared haplotypes between populations 
(/3). In parallel, we also used PCA (fig. SS, A to I, 
and table S11), Procrustes and cluster analyses 
(fig. S6, A to I, and table S12), and genetic dis- 


REPO 


tance mapping (fig. S7, A to I, and table S13) 
based on discrete haplogroup frequencies (/3). 
Detailed investigation of the mtDNA compo- 
sition of each culture reveals a series of haplo- 
group frequency changes because of different 
genetic profiles for hunter-gatherers, the Early/ 
Middle Neolithic group, and individual cultures 
of the later Neolithic/EBA including the Bernburg 
culture (BEC) and the temporally overlapping 
BBC, CWC, and EBA (Fig. 3, fig. S3, and movie 
S1). The latter suggests that this period was het- 
erogeneous, with genetically differentiated cultures 
resulting in a separation in the PCA (Fig. 1C). 
These shifts are also visible in the genetic distance 
maps and Procrustes-projected PCAs, where the 
Near Eastern affinity of the LBK and its subse- 
quent regional derivatives switches to a clear Eu- 
ropean affinity in later Neolithic/EBA cultures, 
with distinct geographic orientations (see below; 
movie S1; and figs. S6, A to I, and S7, A to I). 
We synthesized the different lines of evidence 
from our comparative genetic analyses to recon- 
struct a series of four prominent population dy- 
namic events (termed A to D; Fig. 3 and movie 
S1), which we reconcile with known European 
cultural expansions (/—5). Overall, these analyses 
reveal a pattern of relative genetic continuity for 
the first 2500 years after the introduction of farming 
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in Central Europe, followed by a series of dis- 
continuities in the later Neolithic. 

Event A marks the transition from foraging to 
farming introduced by the LBK, which reached 
Central Europe ~5500 calibrated years before the 
common era (cal BCE) (movie S1) (7-3). MtDNA 
data from Central European hunter-gatherers com- 
prises exclusively U lineages (U, U4, U5, and U8) 
(10, 14), whereas the LBK is characterized by a 
distinct haplogroup profile including Nla, T2, 
K, J, HV, V, W, and X (Fig. 1C) (77). These hap- 
logroups can be denoted as a mitochondrial 
“Neolithic package” and comprise around 79.4% 
of the diversity in the LBK, whereas hunter- 
gatherer lineages are rare (2.9%) (Fig. 3). This 
marked shift suggests a rapid transition process, 
with the comparative analyses indicating a ge- 
netic influx from the Near East, Anatolia, and 
the Caucasus (movie S1 and figs. S4A to S7A) 
(J-3, 11). The subsequent Early/Middle Neolithic 
cultures closely resemble the mtDNA haplogroup 
composition of the LBK (Figs. 1, C and D, and 2, 
A and D, and table S7) with similar affinities to 
present-day Near East populations (figs. S4, B 
to E, and S7, B to E), suggesting a period of 
genetic continuity over 2500 years. 

Event B describes a bidirectional interaction 
along a north-south axis during the Early and 
Middle Neolithic, which saw the introduction of 


the Neolithic package to southern Scandinavia by 
Central European cultures (B, ~4100 cal BCE), 
followed by a reflux of hunter-gatherer lineages to 
Central Europe (Bz ~3100 cal BCE) (movie S1). 
The Neolithic transition of southern Scandinavia 
was Closely linked to the FBC, which replaced 
local foragers that had retained the Mesolithic 
lifestyle for ~1500 years after farming arrived 
in Central Europe (/—3). FBC individuals from 
Scandinavia (/0, 15, 16) have yielded high fre- 
quencies of hunter-gatherer haplogroups (30%) 
alongside a large amount of Neolithic package 
haplogroups (60%) (table S9), leading to an in- 
termediate position between hunter-gatherers and 
the Early/Middle Neolithic Mittelelbe-Saale cul- 
tures in the PCA (Fig. 1C). This suggests that 
pioneer groups from Central Europe had inter- 
acted with local hunter-gatherers who adopted 
farming (movie S1) (/—4), a view also supported 
by ancient genomic data (/6). Subsequently, 
around a millennium later in Mittelelbe-Saale, 
a genetic shift associated with the BEC (Fig. 1, A 
to D, and table S7), a late representative of the 
FBC in Central Europe (4), saw an increase in 
hunter-gatherer lineages (29.4%) and a decrease 
in farmer lineages (47.1%) (Fig. 3), resulting in 
a haplogroup composition similar to that of the 
Scandinavian FBC (Fig. 1C) (/0, /5). Although 
previous populations show affinities to the Near 


East, the BEC marks a clear shift toward those 
in present-day North Europe (movie S1 and figs. 
S4F to S7F). 

In the Late Neolithic, we identify two inde- 
pendent events (C and D), each associated with 
major contemporary Pan-European phenomena. 
Event C (~2800 cal BCE) is marked by the emer- 
gence of the CWC (movie S1), whose subgroups 
were widespread across Central and Eastern Eu- 
rope (fig. S2) (2-4). The CWC is characterized 
by haplogroups I and U2 (4.6%), which are new 
maternal elements in Mittelelbe-Saale (Fig. 1C 
and fig. S3) and appear alongside other Late 
Neolithic/EBA lineages such as T1 (6.8%) and 
hunter-gatherer haplogroups U4 and US (20.5%), 
whereas Early/Middle Neolithic haplogroups 
further decrease (45.5%) (Fig. 3). The binomial 
probability that we missed I and U2 in 211 indi- 
viduals of preceding cultures is very low (P= 0.00). 
Haplogroup U2 has been reported exclusively 
from Paleolithic, Mesolithic, and Bronze Age sam- 
ples from Russia (/ 7-19), and PCA and cluster 
analyses reveal similarities of the CWC to two 
ancient Kurgan groups of South Siberia (79) and 
Kazakhstan (20) (Fig. 1, C and D), in which 
haplogroups I, U2, and T1 are frequent (18.2 to 
37.5%) (table S9). Intriguingly, the Y chromosomal 
haplogroup Rlala, frequent in ancient Siberian 
populations (79), has previously been detected in 
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Fig. 3. Development of mtDNA components from the Late Mesolithic 
to present day. Population data from HGC, the nine Mittelelbe-Saale cultures 
(see Fig. 1 for abbreviations), and a CEM (n = 500) were placed in chronological 
order (x axis), and the amounts of lineages ascribed to particular time periods 
were evaluated in each population. The characterizing haplogroups of the 
hunter-gather (U, U4, U5, and U8; gray), Early/Middle Neolithic (N1a, T2, 
K, J, HV, V, W, and X; brown), and Late Neolithic/EBA (I, U2, T1, and R; 
yellow) periods were summarized into three respective components (y axis) 


(table $5) accordingly to the differentiation in the PCA (Fig. 1C). 
Haplogroups that could not be ascertained unambiguously to one of the 
three components were reported as “other” (H, U3, and other African and 
Asian lineages of the CEM) (23). Error bars of component frequencies 
indicate the 95% confidence interval of 10,000 bootstrap replicates (table 
$5). Horizontal shading denotes the population dynamic events (A, By, Bo, 
C, and D) inferred from the synthesis of all population genetic analyses 
(see main text). 
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for scientific discovery 
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We welcome your recommendations for the ll 
7 i H To continue Samsung Founder "Ho-Am" Byung-Chull Lee's 
2014 Ho Am Prize candidates. - (1910-1987) efforts to maximize both human potential and 
-Award categories are Science, Engineering, and Medicine. public interest, Chairman Kun-Hee Lee of Samsung estab- 
-Ethnic Korean researchers are eligible for the Prize. lished: tire Pits In 1290, Tne Pilz is aWercen annually 10 
: panes recognize outstanding ethnic Korean researchers in Korea 
-Deadline for submission is Nov. 30, 2013. and around the world who have made important contribu- 

xLearn more about candidate recommendation at www.hoamprize.org tions to the advancement of science. 


THE HO-AM PRIZE 


Any sample, any application — no limits 


Maximize success 
with QIAGEN sample technologies 


Innovative, room-temperature sample collection and stabilization 
DNA, RNA, and protein purification from any sample 
Hands-free automated sample preparation 


Reliable genetic, epigenetic, and gene expression analysis from FFPE samples 


Whole genome and transcriptome amplification to overcome sample limitations 


2 Contact QIAGEN today or visit www.giagen.com/sample-technologies 


Sample & Assay Technologies 


Better results — on any sequencing platform 


Get the most from your NGS 


re... 


oo: 
Discover new and innovative solutions, 


dedicated for use with any NGS workflow 


Streamline your next-generation sequencing (NGS) workflow and achieve 
high-quality results you can rely on. 


® Highly specific and selective nucleic acid purification and target enrichment 


™@ Unbiased whole genome amplification from a single cell 

® High DNA library yields using optimized workflows that allow ~50% time-savings 

™ Easy-to-use, spin-column-based size selection of DNA for library construction @800639 
™ Outstanding results on any sequencing platform 6900 


NGS1013SIWW 


Visit www.giagen.com/goto/NGS to learn more! QIAGEN*® 


Sample & Assay Technologies 


Gibson Assembly® Cloning Kit 


New England Biolabs has revolutionized your laboratory’s 
standard cloning methodology. The Gibson Assembly 
Cloning Kit combines the power of the Gibson Assembly 
Master Mix with NEB 5-alpha Competent E. col, enabling 
fragment assembly and transformation in just under two hours. 
Save time, without sacrificing efficiency. 


Making ends meet is now quicker and easier than ever before, 
with the Gibson Assembly Cloning Kit from NEB. 


NEBuilder” Visit NEBGibson.com to view the latest 
for Gibson Assembly tutorials and to try our primer design tool. 


IN-FUSION* is a registered trademark of Clontech Laboratories, Inc. 
GENEART? is a registered trademark of Life Technologies, Inc. 
GIBSON ASSEMBLY® is a registered trademark of Synthetic Genomics, Inc. 


Number of recombinant colonies 


Gibson Assembly 
i In-Fusion® 
© GeneArt* 


3kb 
Fragment size 


DNA 


Some components of this product are manufactured 
by New England Biolabs, Inc. under license from 
Synthetic Genomics, Inc. 


You’ve carefully 
designed your 
experiment. 


Taylor Ngo,started at CST 8 
years ago and is currently in 
the Molecular Biology group. 


Does your antibody measure up? 


We validate all our antibodies in-house. If it's not specific, it doesn’t ship. 


APPROVED 

Clean Band 
Extra Band Strong Signal 
Weak Signal 


= + Torin - + + IP 


TFEB Antibody #4240: (A) WB analysis of Raji cell extracts, 
PX Y28le DY ssa BUxesy- DP untreated (-) or Torin1-treated, using #4240 (Torin1 treatment induces 
\2\o00 ees we SIT dephosphorylation). (B) IP of TFEB from COLO 205 cells using #4240 
eae (lane 2) or Normal Rabbit IgG #2729 (lane 3). Lane 1 is 10% input. 
WB analysis of various cell extracts using two development samples at 1:1000 dilution. GAPDH 
(D16H11) XP® Rabbit mAb #5174 was used as a loading control. 


Please visit our website to request a copy of our new white paper — A Guide to Successful Western Blotting. 


ia Cell Signaling 


TECHNOLOGY® 


vo www.cellsignal.com/successfulWB 


© 2013 Cell Signaling Technology, Inc. Cell Signaling Technology” and XP° are trademarks of Cell Signaling Technology, Inc. 


cOmplete ULTRA Tablets 
Ultra Efficient Protein Protection 
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Protect your precious proteins. Choose cOmplete ULTRA Tablets for effective protease inhibition. 
Why settle for less. 8 powerful protease inhibitors in one tablet - more than in other protease inhibitor tablets. 
Rely on Roche experience. cOmplete ULTRA builds on 18 years of proven performance worldwide. 


[a] Fafa) Visit our new website for more information: 


=F = www.complete.roche.com 


Roche Diagnostics GmbH 
Sandhofer Strafe 116 


For life science research only. 68305 Mannheim, Germany 
Not for use in diagnostic procedures. 


© 2013 Roche Diagnostics. 
COMPLETE is a trademark of Roche. All rights reserved. 


Take Control. 


Design dynamic experiments 
the CellASIC” way. 


Biology is so much more than DMEM/FBS, 37 °C, 5% CO... 
Model experiments creatively and achieve true culture 
conditions with the Cell[ASIC™ ONIX Microfluidic Platform. 
Push the boundaries of your cell biology experiments in an 
in vivo-like environment — it's easy to program automated 
changes to conditions and track cell responses with this 
flexible, intuitive platform. 


The power is yours. 
www.millipore.com/CellASIC 


EMD Millipore is a division of Merck KGaA, Darmstadt, Germany 


EMD Millipore, CellASIC, and the M logo are trademarks of Merck KGaA, Darmstadt, Germany. 
© 2012 EMD Millipore Corporation, Billerica, MA, USA. All rights reserved. 
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Confidenc pired by Results. 
™ a % 


Alan Alfano = 
Cancer Researcher, 
University of Maryland 
School of Medicine, 
Baltimore, MD 

_. Jaa 
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“In cancer research, achieving uniform results with transfection is often a big hurdle. X-tremeGENE 
is by far the best transfection reagent I’ve ever used. It’s nice to know that with all the potential 
issues | might encounter in my research, transfection isn’t one of them.” 

X-tremeGENE Reagents. Transfect with confidence. 


[nm] See more of Alan‘s story at 
www.x-tremegene.roche.com 


Roche Diagnostics Corporation 
For life science research only. Roche Applied Science 


Indianapolis, Indiana 


Not for use in diagnostic procedures. 
© 2013 Roche Diagnostics. 
X-TREMEGENE is a trademark of Roche. All rights reserved. 


NEW NAME. NEW ADVANCES. 
THE METHODIST HOSPITAL IS NOW 
HOUSTON METHODIST HOSPITAL. 


We've changed our name. The Methodist Hospital is now Houston 
Methodist Hospital. We're always moving forward, and we believe 
that our greatest advances are those that are just around the corner. 


So we continue to look toward the future, bringing the finest . a 
researchers and clinicians from around the world to Houston, to join 4 f eT 1St 
us in the pursuit of better care and better cures. That's the difference 


between practicing medicine and leading it. LEADING MEDICINE 


houstonmethodist.org 
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BREAK THROUGH 


lon Torrent” next-generation sequencing platforms combine 
simple chemistry and proven semiconductor technology to provide 
accurate data at a low cost. Now, more labs can use sequencing 
in more ways than ever before. 


ion torrent 


Sequencing for all” 
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Start sequencing now at lifetechnologies.com/iontorrent 
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Applied Biosystems® 
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Get the “digital PCR” app from 
iTunes® or Google Play™, then point 


NX your mobile device at this ad. -. 
QwanSmadic SB \ 
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QuantStudio 3D 
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ABSOLUTELY 
Al TAINABLE 


Introducing digital PCR for every lab—the simple, affordable, 
absolute QuantStudio™ 3D Digital PCR System 


Go beyond the limits of real-time PCR with the only chip-based digital PCR 
system on the market. Never before has so much innovation, flexibility, and 
precision been packed in an 8 x 5 x 9 inch instrument. 


Go to lifetechnologies.com/quantstudio3d technologies” 


FOR RESEARCH USE ONLY. NOT FOR USE IN DIAGNOSTIC PROCEDURES. ©2013 Life Technologies Corporation. All rights reserved. The trademarks mentioned herein are the property of 
Life Technologies Corporation and/or its affiliates or their respective owners. iTunes® is a registered trademark of Apple, Inc.. Google Play” is a trademark of Google, Inc. CO33507 0913 


AAAS Travels 


oD 
COPPER CAN YON, 


April 10-17, 2014 {fF XICO 
Total Lunar Eclipse April 14- 15, 2014! 


Explore Copper Canyon or Barranca 
del Cobre ona memorable train adven- 
ture bringing you dramatic scenery, 
natural history and Tarahumara 
Indians, including the Total Lunar 
Eclipse over Copper Canyon! 

The striking volcanic scenery, 
bridges, tunnels, and villages are 
seen from the “train in the sky,” the 
Chihuahua al Pacifico. $2,995 + air. 


Fora detailed brochure, 
please call (800) 252-4910 


All prices are per person twin share + air 


BETCHART EXPEDITIONS we. 


17050 Montebello Rd, Cupertino, CA 95014 
Email: AAASInfo@betchartexpeditions. com 
www.betchartexpeditions.com 


Join the Conversation! 
Twitter is a great way to connect with 
AAAS members and staff about the 
issues that matter to you most. Be a part 
of the discussion while staying up-to-date 
on the latest news and information 
about your personal member benefits. 
Follow us @AAASmember 
and join the conversation 
with #AAAS 


MVAAAS 


MEMBERCENTRAL 
MemberCentral.aaas.org 


STAY INFORMED! 
STAY CONNECTED! 


Get more from your 
AAAS membership 


Are you currently registered to receive 
e-mails from AAAS and Science? 


E-mail is the primary way that AAAS 
communicates with our members about 
AAAS programs, new member benefits, 
invitations to special events, and, of 
course, the latest news and research 
being published in Science. 


Sign up today to receive e-mails from 
AAAS and ensure that you are getting 
the most out of your membership 
and Science subscription.” 


To get started visit: 
promo.aaas.org/stayconnected 
You'll need your AAAS Member 
number. Find it above your name 
on your Science mailing label. 


Don’t miss a thing. Sign up 
for e-mail communications 
from AAAS today! 


*AAAS follows CAN-SPAM and European Safe Harbor 
guidelines for protecting your privacy. We will never 
sell your e-mail address and you can opt-out of 
receiving e-mails at any time. 


ABSOLUTELY... 
ATTAINABLE ®. 
ONLINE © 
SERVICE 


Easily manage your 


instrument use and care 
on lifetechnologies.com’ 


Sign in to your account to: 


e Access instrument service history 
e Request service and get quotes 
e Track warranty and contract status 


e Check availability and schedule 
instrument use 


e Discover many more benefits 


No cost. No hassle. No worries. 


Learn more at 
lifetechnologies.com/ 
easiertomanage 


technologies” 


*At this time, Instrument Management is available in the United States 
Australia, Nev tries in Eur 
©2013 Life Technologies Corporation ALL righ ts reserved. C007221 0913 


Revealing nature’s secrets 
with unprecedented clarity. 


Now BD Horizon™ Brilliant Violet™ reagents 
have been enhanced for better performance. 


BD Biosciences commitment to quality includes 
continual improvement of the flow cytometry 
tools we produce. Those efforts have yielded 
BD Horizon Brilliant Violet polymer conjugates 
that can more easily and precisely help you 
resolve rare and dim cell populations. Now 
accompanied with an innovative BD Biosciences 
proprietary staining buffer, the combined 
formulation resolves possible dye-to-dye 
interactions for consistently predictable results. 


For Research Use Only. Not for use in diagnostic or therapeutic procedures. 
BD, BD Logo and all other trademarks are property of Becton, Dickinson and Company. © 2013 BD 


This pioneering polymer dye technology enables 
researchers to identify cell populations with 
lower receptor density than previously possible 
and resolve cell populations previously obscured. 
The complete portfolio of BD conjugated 
antibodies can be used to explore cellular 
features and characterize cells through surface 
and intracellular markers. 


Request a free sample or find out how you can 
use BD reagents across your entire multicolor 
panel with an expanded set of tools and 
information at bdbiosciences.com/go/brilliant. 


BD Biosciences 
2350 Qume Drive 
San Jose, CA 95131 
bdbiosciences.com 
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»Reference« stands for extraordinary > Single-button operation enables 

precision and accuracy, a long service ergonomic handling with reduced 

life, and an ergonomic design. The new operating effort 

Reference 2 boasts these proven Premium > High precision and accuracy providing 

characteristics and this operating philo- reliable pipetting results 

sophy with its innovative state-of-the-art > Quick and secure volume setting, 

technology; making it a reliable partner incl. volume lock Fite. 

for you and your demanding work. > RFID chip contains all relevant data core 


regarding the pipette 


www.eppendorf.com/reference 


Eppendorf®, the Eppendorf logo, Eppendorf PhysioCare Concept® and Eppendorf Reference® are registered Trademarks of Eppendorf AG, Germany. 
All right reserved, including graphics and images. Copyright © 2013 by Eppendorf AG. 


SCIENCE & DIPLOMACY 


A quarterly publication from the AAAS Center for Science Diplomacy 


SCIENCE & DIPLOMACY provides an open access forum for 
rigorous thought, analysis, and insight to serve stakeholders who 
develop, implement, or teach all aspects of science and diplomacy. 


WWW.SCIENCEDIPLOMACY.ORG 
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The Making of a Science Diplomat 


Science Diplomacy as 8 Defining Rote for 
nada in the Twenty-First Century 


ernational Science and Technology Cooperation 


The U.S, should better leverage its science diplomacy to address 
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Rethink Western blotting. 


Take protein detection 
to new dimensions. 


Biology isn't flat—neither are your Westerns. 

Meet the fast, versatile SNAP i.d.© 2.0 system, to fully exploit 
hree-dimensional reagent distribution. Unlike conventional 
Western blotting, where diffusion is the primary means of reagent 
ransport, the SNAP i.d.® 2.0 system applies a vacuum to actively 
drive antibodies and buffers right through the membrane. 


This advanced technology promotes antigen binding and 


horough washing, enabling you to better optimize your 
Western blotting conditions. 


www.emdmillipore.com/SNAP 


EMD Millipore is a division of Merck KGaA, Darmstadt, Germany 


EMD Millipore and the M mark are trademarks of Merck KGaA, Darmstadt, Germany. SNAP i.d. is a registered trademark of Merck KGaA, Darmstadt, Germany. 
© 2013 EMD Millipore Corporation, Billerica, MA USA. All rights reserved. BS-GEN-13-07845. 
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MEETING GLOBAL CHALLENGES: 


ANNUAL MEETING oiscovery anb innovation 
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Career Development Workshops include: 
e Editing Your Own Papers and Proposals: How to Wow Reviewers and Aid Readers 
e Sharing Science: Presenting Yourself and Your Work 
e Grant Skills are Career Skills: Integrate to Accelerate 


¢ Getting Started in Social Media 


¢ Knowing Your Worth: The Art (and Etiquette) of Negotiating 
a Job Offer 


The program schedule is now online. 


Register today! 
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Abstract Deadline e November 1, 2013 
Abstract Submission Site Opens ¢ October 1, 2013 


Film-Silicon Science and Technology 
Organic and Inorganic Materials for Dye-Sensitized Solar Cells 


Synthesis and Processing of Organic and Polymeric Materials 
for Semiconductor Applications 


aterials for Photoelectrochemical and Photocatalytic Solar-Energy 
Harvesting and Storage 


Earth-Abundant Inorganic Solar-Energy Conversion 


Controlling the Interaction between Light and Semiconductor 
lanostructures for Energy Applications 


Photoactivated Chemical and Biochemical Processes 
on Semiconductor Surfaces 


Defect Engineering in Thin-Film Photovoltaic Materials 
aterials for Carbon Capture 
Physics of Oxide Thin Films and Heterostructures 


anostructures, Thin Films and Bulk Oxides— 
Synthesis, Characterization and Applications 


aterials and Interfaces in Solid Oxide Fuel Cells 
Fuel Cells, Electrolyzers and Other Electrochemical Energy Systems 


Research Frontiers on Electrochemical Energy Storage Materials— 
Design, Synthesis, Characterization and Modeling 


ovel Energy-Storage Technologies beyond Li-ion Batteries— 
From Materials Design to System Integration 


echanics of Energy Storage and Conversion— 
Batteries, Thermoelectrics and Fuel Cells 


aterials, Technologies and Sensor Concepts for Advanced Battery 
anagement Systems 


aterials Challenges and Integration Strategies for Flexible Energy 
Devices and Systems 


Actinides—Basic Science, Applications and Technology 
Superconductor Materials— 
From Basic Science to Novel Technology 


Soft Nanomaterials 


Micro- and Nanofluidic Systems for Materials Synthesis, 
Device Assembly and Bioanalysis 


Functional Biomaterials for Regenerative Engineering 


Biomaterials for Biomolecule Delivery and Understanding 
Cell-Niche Interactions 


Bioelectronics—Materials, Processes and Applications 


Advanced Multifunctional Biomaterials 
for Neuroprosthetic Interfaces 


Materials for End-of-Roadmap Devices in Logic, Power and Memory 


New Materials and Processes for Interconnects, Novel Memory 
and Advanced Display Technologies 


Silicon Carbide—Materials, Processing and Devices 


Advances in Inorganic Semiconductor Nanoparticles 
and Their Applications 


The Grand Challenges in Organic Electronics 
Few-Dopant Semiconductor Optoelectronics 


Phase-Change Materials for Memory, Reconfigurable Electronics 
and Cognitive Applications 


Emerging Nanophotonic Materials and Devices 
Materials and Processes for Nonlinear Optics 
Resonant Optics—Fundamentals and Applications 
Transparent Electrodes 
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Nanotubes and Related Nanostructures 

2D Materials and Devices beyond Graphene 

De Novo Graphene 
Nanodiamonds—Fundamentals and Applications 


Computationally Enabled Discoveries in Synthesis, Structure 
and Properties of Nanoscale Materials 


Solution Synthesis of Inorganic Functional Materials 


Nanocrystal Growth via Oriented Attachment 
and Mesocrystal Formation 


esoscale Self-Assembly of Nanoparticles— 
anufacturing, Functionalization, Assembly and Integration 


Semiconductor Nanowires—Synthesis, Properties and Applications 
agnetic Nanomaterials and Nanostructures 


aterials by Design—Merging Advanced /n-situ Characterization 
with Predictive Simulation 


Shape Programmable Materials 


eeting the Challenges of Understanding and Visualizing 
esoscale Phenomena 


Advanced Characterization Techniques for lon-Beam-Induced 
Effects in Materials 


Applications of /n-situ Synchrotron Radiation Techniques 
in Nanomaterials Research 


Advances in Scanning Probe Microscopy for Material Properties 


/n-situ Characterization of Material Synthesis and Properties 
at the Nanoscale with TEM 


DDD Atomic-Resolution Analytical Electron Microscopy of Disruptive 
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Materials Behavior under Extreme Irradiation, Stress or Temperature 


Educating and Mentoring Young Materials Scientists 
for Career Development 
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Exome Sequencing: 


Toward an Interpretable Genome 


The U.S. National Human Genome Research Institute says it can sequence 
genomes for $5,826 as of April 2013—just 0.006% of the $95.2 million 
per-genome price tag in September 2001. Commercial entities can do 
nd of 20 


$1,000. Yet even at that low, low price, whole genome sequencing isn’t 
g g 


it for even less, and by th , the cost could well dip below 
cheap, at least not when researchers need to decode them by the thousands. 
Enter exome sequencing. Faster, cheaper, and more easily interpreted 
than its full-sized counterpart, an exome is to a genome as an abstract 
is to a research article: concise, information-rich, and easily digested. 


By Jeffrey M. Perkel 


O 


“The exome right 


n exome is simply the protein- 
coding content of the genetic 
now is the part code, some 1%~—2% of the ge- 
nome in all. Since sequencers 
of the genome can read only so many bases per run, re- 
we know how to searchers sequencing exomes can produce 
interpret.” ses of them more quickly, at greater reso- 
lution and lower cost than they can whole 
genomes. 
Joris Veltman, professor of translation- 
al genomics at Radboud University 
Medical Center in Nijmegen, the Neth- 
erlands, uses Life Technologies’ SOLiD 
instruments for both research and clinical 
sequencing applications. His lab has the 
capacity to sequence a couple thousand 
exomes annually, he estimates, but just 
50 or so whole genomes. “Throughput is 
. a major reason why we choose [to do] 
exomes,” he says. 
Plus, there’s interpretability. Whole- 
genome sequencing inarguably produces 
data, 


and 


more including the noncoding 


bases structural and haplotype 
phasing information that exomes miss. 
But what most of those nucleotides do 
remains a mystery, as are the functional 
consequences of changing them. The 
g 

implications of a missense mutation in a 
protein-coding gene, though, are more 

ale “ . Per 
easily grasped. “The exome right now is 
the part of the genome we know how to 
interpret,” says Stacey Gabriel, director 


of the genomics platform at the Broad 


Institute of Massachusetts Institute 


Produced by the Science/AAAS Custom Publishing Office 


of Technology (MIT) and Harvard University. 

Asa result, researchers have been sequencing exomes at a blistering pace. 
Only a handful of papers on exome sequencing had been published by early 
2010; today, there are more than 1,600 listed in PubMed. 

“In excess of one-hundred-some thousand exomes” have been decoded 
at the Broad Institute, says Gabriel. (Compared with the approximated 
17,000 whole human genomes that have been sequenced to date, by 
Harvard University geneticist George Church’s estimate.) Gabriel says 
her facility probably sequences four exomes for every whole genome and 
has a capacity of some 2,000 exomes per week. That’s thanks to a fleet 
of 50 or so Iumina HiSeq 2000s and 2500s that were installed largely 
for the National Heart, Lung, and Blood Institute’s Grand Opportunity 
Exome Sequencing Project, a gene-discovery project for which the Broad 
Institute and the University of Washington collectively sequenced 
7,500 exomes. 

Yale University’s 10 HiSeqs decoded 12,000 exomes just in the past 
year, says Howard Hughes Medical Institute Investigator Richard Lif- 
ton, chair of the university’s Department of Genetics, who published one 
of the first examples of exome sequencing in the clinic in 2009 and 15 ad- 
ditional exome papers since. “We’re in a very productive phase right now,” 
Lifton says. “We’re now sequencing exomes for an all-in cost, including all 
of the instrument amortization, of $500 flat.” By comparison, he says, his 
lab has done “very few” whole genomes. 

From the sequencer’s point of view, though, it’s six-of-one—both 
exomes and whole genomes are decoded the same way. The difference lies 
upstream, during the target capture and library preparation steps that pre- 


cede sequencing. 
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HYBRIDIZATION STRATEGIES 

Exome sequencing is simply a special form of target enrichment, a 
sequence preparation strategy that pulls out genetic elements of inter- 
est prior to decoding them. Researchers do this to stretch dollars and 
maximize efficiency: If you don’t need the entire genome, why se- 
quence it? At the same time, by sequencing fewer bases per sample, 
researchers can sequence more of those samples at once, and at higher 
coverage, 

Coverage describes the number of times a given base is read by the se- 
quencer. But such figures are statistics, not absolutes. Thirty-fold coverage 
means that each base is read 30 times on average; some are read more fre- 
quently, others less so. For many applications that’s sufficient. But when it 


comes to finding rare variants on which clinical decisions might depend 
a key mutation in a heterogeneous tumor, for example—the more passes 
at a given nucleotide, the better. 

Some researchers use target enrichment to select a handful or a few 
hundred genes for sequencing. In exome sequencing, the target is the 
entire exon complement of the human genome. Typically, that’s about 30 
Mb of sequence, though users can supplement that pool with 5’ and 3’ 
untranslated regions, microRNAs, long noncoding transcripts, and other 
selected custom regions, which can significantly expand the amount of 
captured material. Ilumina’s Nextera Rapid Capture Exome kits, for in- 
stance, come in two flavors: a basic kit that captures 214,405 exons total- 
ing 37 Mb and an “expanded” kit that adds UTRs and microRNAs for a total 
of 62 Mb. 

Several of the earliest exome studies, including seminal 2009 reports 
by Lifton and Jay Shendure, associate professor of genome sciences at the 
University of Washington, employed array-based hybridization for target 
capture, a strategy then commercialized by Agilent Technologies and 
Roche NimbleGen. But solution hybridization (which uses a pool of 
biotinylated oligonucleotides that are pulled down post-hybridization with 
streptavidin beads) has now supplanted that approach. 

Indeed, NimbleGen has since exited the microarray business altogether; 
Agilent still sells arrays, but mostly for customers who want to continue 
using the same enrichment tools they used earlier in a project, says Yong 
Yi, Agilent’s marketing director for next generation sequencing products. 
“The vast majority of exomes generated today have been through solution 
hybridization,” says Shendure. 

Shendure was one of the first researchers to tap exomes for analyzing 
Mendelian disorders, and since 2009, by his count, “at least 100 new dis- 
ease genes have been identified” using the technology. “It’s kind of exploded 
pretty remarkably,” he says, adding that there’s nothing magic about exomes 
over whole genomes; they simply provide “a cost-accessible way of getting 
at most of what you wanted [from the genome] for a lot of the questions 
that are reasonable to ask.” 

In their exome work, Shendure and his colleagues use NimbleGen’s so- 
lution-based SeqCap EZ Human Exome Library v3.0. So, too, does Lifton, 
whose lab has used the approach to identify genes that contribute to hy- 
pertension, congenital heart disease, autism, and thrombosis, among other 
conditions. 

Hlumina’s Nextera Rapid Capture Exome kit (a high-speed method that 
uses transposons and optimized hybridization steps to simplify and shorten 
the protocol from several days to just a day and a half) is also based on so- 
lution hybridization, as is Agilent’s SureSelect, a tool developed (and still 
used) at the Broad Institute that captures target sequences in solution using 
120-mer biotinylated RNA baits—882,000 of them in the case of the Sure- 
Select Human All Exon VS+UTRs panel. 


www.sciencemag.org/products 


© MOLECULAR PADLOCKS 

Targeted capture can also 
be accomplished using stan- 
dard PCR (for instance, using 
RainDance Technologies’ 
droplet-based approach). Or, 
users can try so-called molecu- 
lar inversion probes (MIPs), or 
“padlock” probes. 

A padlock probe, Church 
explains, is “basically two 
PCR primers that are joined at the hip.” Linked in a single oligonucleotide, 
these two primers capture either end of the targeted sequence, forming 
a molecular semicircle (like an open padlock) that flanks a gap. The lock 
is closed using DNA polymerase and ligase, and the captured material 
amplified and sequenced, while nontargeted sequences are destroyed by 
exonucleases. 

The approach offers a significant advantage over plain PCR: ease of multi- 
plexing. “You don’t get into the N-squared problem that you have from put- 
ting together multiplex PCR,” Church explains, where “every primer can in 
principle interact with every other primer and all their extension products.” 

As a result, vast probe panels can be combined in a single reaction. In 
2007, Church and his then-postdoc Shendure multiplexed 55,000 MIPs ca- 
pable of capturing some 10,000 exons; in 2009, Shendure refined the pool 
to target 50,000 exons. 

Today, Shendure favors SeqCap EZ. But he uses MIPs, too. In December 
2012, he and his colleague Evan Eichler used them to capture 44 genes po- 
tentially related to autism spectrum disorders from 2,446 patient samples. 
Boston-based startup Pathogenica (co-founded by Church) also uses MIPs 
for bacterial strain typing and viral drug resistance analyses. 

“When you're interested in sequencing a modest number of genes 
in a very large cohort of people, the padlock approach is a great one,” 
Shendure says. 

Agilent commercializes a somewhat related strategy in its HaloPlex 
Exome kit. In HaloPlex, long biotinylated oligos with capture sequenc- 
es at either end capture targeted genomic fragments by hybridization, 
producing a circle that can be PCR amplified to generate a sequencing 
library in essentially a single step. “It’s a combination of both worlds,” 
Yi says. “It combines the advantages of hybridization with the simplicity 
of PCR.” 


EXOMES IN THE CLINIC 

The power of exome sequencing was beautifully illustrated in a 2011 Pulit- 
zer Prize-winning feature in the Milwaukee Journal Sentinel, which detailed 
the efforts of a group of researchers at the Medical College continued> 
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www..illumina.com 


Life Technologies 
www.lifetechnologies.com 


Pathogenica 
www.pathogenica.com 


Radboud University Medical 
Center 
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RainDance Technologies meeliiny ZA Ce aL 


raindancetech.com NHIBIGrand@pporunity 


Exome Sequencing Project 


peche NimbleGen esp.gs.washington.edu/drupal 


www.nimblegen.com 


The Cancer Genome Atlas 
cancergenome.nih.gov 


of Wisconsin to diagnose and treat a young boy with an inexplicable and 
exceptionally severe case of inflammatory bowel disease. In what turned 
out to be the first clinical use of exome sequencing, researchers identi- 
fied a single point mutation in the X-linked inhibitor of apoptosis (XIAP) 
gene. That information suggested a possible therapeutic strategy, umbili- 
cal cord blood transplant. Since then, the college has applied the approach 
to 25 additional cases, obtaining a “definitive diagnosis” in 27% of them. 

The Wisconsin researchers read their XIAP patient’s exome to 34x. 
Veltman says he would prefer to sequence his clinical exomes to 1,000x, 
but cost and throughput limit him to typically 60-fold coverage, while 
most of the exomes Broad’s Gabriel collects for her work on The Cancer 
Genome Atlas (TCGA) project are at 120-fold coverage. That’s far deeper 
than the typical whole genome—the Broad Institute sequences those to 
50x, Gabriel says—but for some applications, and especially if patients 
are involved, even 120-fold coverage won't do. 

Pancreatic tumor samples, for instance, are notoriously difficult to ob- 
tain at high purity, Gabriel says, and require 300- to 400—fold coverage. 
For other applications, for instance, when looking for specific deleteri- 
ous mutations in patient samples, physicians “want to have 500x coverage 
minimum,” Gabriel says. 

That high depth of coverage, combined with the fact that—even 
in the exome—relatively few gene mutations are actually action- 
able, has some researchers contemplating a scaled-down approach in 
the clinic. 

“The reality is for every clinical exome, one would be able to sequence 
many, many more [samples] in the setting of a targeted gene screen,” says 
Ultan McDermott, a principal investigator in the Cancer Genome Project 
at the Wellcome Trust Sanger Institute, adding, “It’s almost certain that 
defining the mutational signatures that underpin biological outcomes such 


as drug response and survival will require an order-of-scale larger numbers 
than all of the previous international [next generation sequencing] efforts.” 

As a result, McDermott advocates using large-scale exome-sequencing 
projects like the International Cancer Genome Consortium to identify 
interesting variants and smaller-scale targeted gene sequencing of four 
or five hundred genes to actually test for in patients. Indeed, McDermott 
says that approach already is being implemented in a pilot study called 
SPECTAcolor now kicking off in Europe, wherein all colorectal cancer 
patients being considered for inclusion in clinical trials will have 400 or 
so genes sequenced at the Sanger Institute. “This information would in- 
stantaneously allow the patient to be stratified into any clinical trial that 
arises where you need to know a particular mutational event as a point 
of entry.” 

The flip side, of course, is that targeted studies are inherently biased. 
“You're obviously not going to find anything that you haven’t specifically 
targeted,” McDermott says. 

Veltman’s research is a case-in-point. Veltman studies severe intellectual 
disability. Perhaps 200 genes have been linked to that condition, he says, but 
“it’s clear that we know perhaps only 10%” of them. As a result, a targeted 
approach that looks only at known genetic players might well miss some- 
thing interesting. 

In one 2010 study, Veltman’s team sequenced 10 “trios”—an affected 
child and his or her unaffected parents—to 42-fold coverage, ultimately 
focusing on 10 “de novo” mutations (lesions not present in the parents). 
Three of these were known to be associated with intellectual disability, 
and three appeared irrelevant. Functional analysis of the remaining four— 
their observed behavior and interaction partners in model organisms, for 
instance—suggested they too could play a role in intellectual disability. A 
follow-up study in 2012 applied the same strategy to 100 patients, identify- 
ing de novo mutations in 10 genes known to be associated with intellectual 
disability and 19 candidate genes, and confirmed three additional novel ge- 
netic players in the condition (one of which was among the four picked up 
in the 2010 study). 

The prevalence of de novo mutations in these two studies, Veltman 
says, flies in the face of the classical view of sporadic severe intellectual 
disability, which typically attributes the condition to autosomal recessive 
inheritance, and suggests a fundamental reassessment of the way geneti- 
cists think about rare diseases could be in order. “It turns out that these 
de novo mutations are a very common cause of intellectual disability,” 
Veltman says. 

And yet many of them would have been missed using a simple gene panel 
as they were not among the many genes then known to be associated with 
severe intellectual disability. 

Of course, even more can be discerned from whole genome analyses, 
and Veltman (like many others) is pursuing these, too. Most research- 
ers agree that once the cost and ease of sequencing and interpreting 
whole genomes matches exomes, the attraction of exome sequencing 
will fade. 

But it won’t disappear—f nothing else, large patient population studies 
may well require it. Says Shendure, “You should rationally do the study that 
makes the most sense for the question you’re interested in. Sometimes it 
will be genomes, sometimes it’ll be exomes. Sometimes it’ll be much more 


targeted.” 


Jeffrey M. Perkel is a freelance science writer based in Pocatello, Idaho. 
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AMS Biotechnology 
For info: +44-(0)-1235-828200 | www.amsbio.com 


DNA ENRICHMENT KITS 

PointMan DNA Enrichment kits comprise three kits for enriching mu- 
tations in BRAF, KRAS, and EGFR T790M genes associated with skin 
melanoma, colorectal, and lung cancers. PointMan kits offer highly spe- 
cific and ultrasensitive enrichment of mutant genes in a background of 
wild-type (normal) genes that is unmatched by existing technologies. 
PointMan is a real-time polymerase chain reaction (PCR) technology 
that provides reliable and extremely sensitive detection for cancer muta- 
tions. It is highly efficient in amplifying the target sequence of interest, 
while suppressing amplification of the wild type. The resulting sample is 
effectively enriched for the mutation, thereby having the potential to of- 
fer industry leading sensitivity in a wide variety of sample types. Point- 
Man DNA enrichment kits can also be used to enrich all mutant sequences 
within the gene of interest using a single set of reagents, unlike competing 
technology that requires a separate reagent set for each mutation within a 
gene sequence. 

EKF Diagnostics 

For info: +44-(0)-2920-710570 | www.ekfdiagnostics.com 


DNA METHYLATION ANALYSIS 

TrueMethyl brings unprecedented clarity to the analysis of DNA by provid- 
ing quantitative, accurate, and repeatable single-base resolution sequencing 
of the modified bases hydroxymethylcytosine (5-hmC) and methylcytosine 
(5-mC) for the first time. Traditional bisulfite sequencing cannot discrimi- 
nate between 5-hmC and 5-mC. Recent studies have shown that at some 
sites in the genome the level of 5-hmC can be comparable to the level of 
5-mC, emphasizing the importance of identifying these variants accurately. 
The high-quality and easy-to-use TrueMethy] kits utilize innovative oxida- 
tive bisulfite sequencing (oxBS-Seq). TrueMethy] kits can be used with a va- 
riety of common platforms including next generation sequencing systems, 
methylation arrays, and targeted assays. Trials of the kits conducted at lead- 
ing research centers around the world have already begun to yield new in- 
sights into genome function and highlighted the advantages of TrueMethyl 
relative to traditional approaches. 

Cambridge Epigenetix 

For info: 800-754-5916 | www.cambridge-epigenetix.com 


MagSi-DNA cleanFIX offers a cost-effective solution for purifying DNA fragments, removing all 
unwanted side products and reagents. MagSi-DNA cleanFIX enables a combination of polymerase 
chain reaction (PCR) cleanup and dye terminator removal from sequence reaction mixes with a 
single product. The kit uses magnetic silica bead technology and is easily automated because no 
columns or centrifugation steps are involved. The kit uses a simple “Bind, Wash, and Elute” pro- 
cedure common to magnetic particle purification protocols. The precision and reproducibility of 
the workstation in combination with the customized magnets for MagSi-DNA cleanFIX allow fast 
magnetic separation and homogenization of the samples. Overall, the PCR cleanup protocol using 
MagSi-DNA cleanFIX is shown to enable fast and efficient recovery of DNA fragments larger than 
80 bp with >99% removal of primers and primer dimers. In addition, the dye terminator removal 
method consistently delivered high-quality sequence data with Phred >20 scores above 700. 


DIGITAL PCR ASSAYS 

PrimePCR assays, for Droplet Digital polymerase chain reaction (ddPCR), 
are predesigned assays for mutation detection and copy number variation 
(CNV), which have been experimentally validated to provide single-copy 
PCR resolution without a standard curve. Droplet Digital PCR technol- 
ogy provides an absolute measure of target DNA molecules. The assays, 
combined with the sensitivity of Bio-Rad’s ddPCR system, are capable of 
detecting a single mutant copy in a background of 2,000 or more wild- 
type molecules (0.05% mutation frequency). The precision of ddPCR also 
enables cancer researchers to discriminate small-fold copy number changes 
with the 62 assays targeting common cancer genes and two reference target 
assays now available. The PrimePCR ddPCR assays employ universal cycling 
conditions and do not require optimization. Primer specificity has been val- 
idated by next generation sequencing, and all assays have been validated on 
Bio-Rad’s QX100 Droplet Digital PCR system. PrimePCR ddPCR assays 
are available in multiple reaction sizes. 

Bio-Rad 

For info: 800-424-6723 | www.bio-rad.com/PrimePCR 


GENOME EDITING TOOLS 

Sigma CRISPRs is an inexpensive mammalian genome editing tool suitable 
for screening and exploratory studies. Sigma CRISPRs are packaged in a 
single plasmid vector containing GFP for fast enrichment of gene-edited 
cells and can be custom-designed online using an exclusive bioinformatics 
tool. Derived from bacterial and archaeal immune defenses, which guard 
against invading viruses and foreign DNA, Sigma CRISPRs utilize customiz- 
able RNA—nuclease complexes that allow introduction of genome edits at 
a desired site in mammalian genomes with high efficiency. Sigma’s exclu- 
sive online design tool allows users to identify the best target site(s) within 
human, mouse, and rat protein-coding exons that adhere to CRISPR/Cas 
targeting requirements. It is the only commercial tool that minimizes the 
possibility of off-target effects by automatically applying CRISPR/Cas best 
design practices, including a minimum requirement of three base-pair mis- 
matches between the target site and other sites in the genome. 
Sigma-Aldrich 

For info: 800-325-3010 | www.sigma.com/crisprs 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 
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Luminex Assay 


Luminex Assay 
—Tuminex Assay 


One simple solution for profiling your complex samples 


The world leader in the development of single analyte immunoassays now offers the widest selection of Luminex 
bead-based multiplex kits. Several features of our Luminex products distinguish us from the competition: 
+ We uniquely offer two different types of Luminex Kits: Luminex Screening & Luminex Performance Assays. 


+ We have the widest selection of analytes with over 20% of our menu being exclusively available from R&D Systems 
-160 screening analytes, 16 performance panels. 


+ We have developed the simplest online ordering tool for researchers to design their own user-defined kits. 


Find your multiplex solutions 


| RnDSystems.com/Luminex 
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Senior Faculty Position 


The Center for Immunology & Microbial Disease at Albany Medical College invites 

applications for a tenure-track Associate/Full Professor position from individuals with 

demonstrated research productivity and interest in translational research. Applicants 

for this senior faculty position should have an MD, MD/PhD or PhD, and lead an 

internationally-recognized research program in immunology and/or host-pathogen 

interactions with particular emphasis on disease mechanisms in humans. Successful 
candidates will also demonstrate strong communication skills and an ability to excel in collabora- 
tive research endeavors. The position will have a critical role in the development of joint research 
programs between the Interdisciplinary Research Center in Immunology and Microbial Disease and 
the Departments of Internal Medicine and Pediatrics. This position will also have broad responsi- 
bility for leading a program for training of doctoral and physician research scientists emphasizing 
host-pathogen interactions. Joint appointments in divisions of clinical interest are encouraged. The 
CIMD faculty comprises a highly collaborative research group that this year received $4.6M in NIH 
funding, ranking it within the top half of all Microbiology and Immunology programs in the country. 
The successful candidate will receive an attractive start-up package including the ability to recruit and 
lead a focused group to be located in our newly constructed 4500 sq ft dedicated laboratory space. 
This new facility has access to all departmental core services including the Center’s fully-staffed 
Immunology and ABSL-3/BSL-3 Cores. We also have a cooperative program with Translational 
Medicine that includes use of a new Clinical Research Unit capable of performing both investigator- 
initiated and industry-sponsored Phase 1/2 infectious disease clinical trials. Albany Medical College 
is located in a mid-sized city within the upstate New York Capital Region, and has easy access to 
Boston, New York City, and the Adirondack Mountains. 


Applicants should send their curriculum vitae, a statement of research plans, and contact informa- 
tion for three references to: 
Faculty Search Committee 
Center for Immunology & Microbial Disease and 
Infectious Diseases Program, Department of Internal Medicine 
Albany Medical College 
47 New Scotland Avenue, MC-151 
Albany, NY 12208 


For further information about the Center, visit www.amc.edu/Research/IMD/ 


AMC supports a diversified, smoke-free environment and is proud to be an Equal Opportunity/Affir- 
mative Action Employer, encouraging women and minorities to apply. In support of a safe, drug-free 
environment, criminal background checks and drug testing are part of our hiring process. 


Lg LSUHealth 
NewOrleans 


The Louisiana State University Health Sciences Center School of Medicine in New Orleans invites applica- 
tions and nominations for Head of the Department of Genetics. The successful candidate will have a PhD, 
MD or MD/PhD, will be nationally recognized for research in Genetics or Genomics, and will have an active 
research program funded through competitive research grant programs; the successful candidate will satisfy 
requirements for appointment at the professorial rank. 


Professor and Department Head 
Department of Genetics 
Louisiana State University Health Sciences Center 
School of Medicine 


The successful candidate will demonstrate a commitment to biomedical research and education and will have 
documented leadership ability and the capacity to provide a vision of excellence for the Department. Achieve- 
ments in multi-disciplinary, collaborative research, mentorship, teaching, and administration are essential; 
candidates must be committed to promoting an inclusive environment in the Department. The incumbent 
will be responsible for all facets of activity in the department, including both graduate and undergraduate 
medical education, faculty recruitment and retention, and development of research programs. He/she will 
be expected to coordinate the development of departmental and collaborative research programs within the 
school and with our academic partners. We are especially interested in candidates who can forge strong 
collaborative research programs, such as program/project and center grants and funded training grants, and 
candidates who will foster meaningful translational research programs. 


Opportunities for professional growth and leadership reside in conjunction with other components of the 
LSUHSC community, including the School of Public Health, the Children’s Research Institute, the Neurosci- 
ence, Cancer and Cardiovascular Centers, the NIH-designated Alcohol Research Center, and the Louisiana 
Vaccine Center. Excellent core laboratory facilities are available, including proteomics, genomics, imaging, 
and bioinformatics. Outstanding opportunities exist for the growth of programs in research and education in 
clinical genetics. The construction of new academic university and Veterans Administration medical centers 
adjacent to the LSUHSC campus, due to open in 2015 and 2016, will provide state-of-the-art facilities sup- 
porting clinical programs for our traditional and other patient constituencies. Resources will be available for 
departmental development, and for faculty recruitment, including an endowed chair for genetic research in 
hearing loss, with the likelihood of further endowed chairs focused on specific disease entities. The com- 
pensation package is highly competitive and the University offers a strong benefits program. 


Women and under-represented minority candidates are especially encouraged to apply. Candidates should 
provide their Curriculum Vitae, including a full list of publications, a brief statement of educational, research, 
service, and administrative interests, and the names and contact information of three references. These mate- 
rials should be forwarded electronically to: Karen Eigenbrod (keigen@lsuhsc.edu) Reference #82 41016 
026. Review of applications will commence immediately and will continue until the position is filled. 


LSUHSC is an Equal Opportunity/Affirmative Action Employer. 


id 


! Is in the world, Engineering at Illinois has a head start and we 


eep it. Thanks to the $100-million Grainger Engineering Breakthroughs 
tiative, we're creating more than 35 new endowed professorships and chairs in 
Big Data and other fields. Applications and nominations are being accepted now. 


If you're ready to drive the future of Big Data, Illinois is the place for you. 


Graingerinitiative.engineering.ilinois.edu 
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Illinois is an Affirmative Action/Equal Opportunity Employer. www. inclusiveillinois.illinois.edu. 
Full consideration will be given to applications and nominations received by December 16, 2013. 
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College of 
Biological Sciences 


UNIVERSITY OF MINNESOTA 
Driven to Discover” 


Are you a creative investigator who 
excels at working collaboratively and 
pushing disciplinary boundaries? 


Then we want to hear from you. 


The College of Biological Sciences at the 
University of Minnesota is hiring faculty for 
three interdisciplinary research clusters in 
emerging areas of biology: genome variation, 
cellular biophysics and synthetic biology. 


All positions are tenure track. Successful 
candidates will have research expertise that 
complements current faculty and be commit- 
ted to graduate and undergraduate education. 


Learn more at 
z.umn.edu/cbsclusterhiring 


The University of Minnesota is an equal 
opportunity educator and employer. 


UNIVERSITY of 


HOUSTON 


COLLEGE OF PHARMACY 
Faculty Position in Immunology 
Department of Pharmacological and 
Pharmaceutical Sciences 


The Department of Pharmacological and Pharmaceutical Sciences at the 
University of Houston is accepting applications for a tenure-track faculty 
position in Immunology at either the Associate Professor or Professor level. 
The University of Houston is Carnegic-designated Tier] public research 
university and also is a member institution of the world-renowned Texas 
Medical Center which houses major academic research programs in cancer, 
genetics, and neuroscience with a major focus on translational research. The 
successful candidate will be provided lab space will receive a start-up package 
commensurate with their qualifications. Department faculty members teach 
in the Pharm.D. professional program and also participate in departmental 
Ph.D. programs in Pharmacology and Pharmaceutics. The search is focused 
on adding expertise in the immunology, immunotherapy and vaccines along 
with other areas relevant to drug development. 


Eligible candidates must have an earned doctoral degree, postdoctoral experi- 
ence and a strong track record for establishing and maintaining an excellent 
extramurally-funded research program. Applications will be accepted until the 
position is filled, although an early application is recommended. Interested 
individuals should send a letter describing his/her research program, a curricu- 
lum vitae and the names of three references with postal and Email addresses, 
telephone and FAX numbers electronically in PDF format to: 
Tahir Hussain, Ph.D. , Chair, Search Committee 
c/o ppsimmun@uh.edu 
University of Houston 
College of Pharmacy 
Houston, TX, 77204-5037 
Web site: http://www.uh.edu/pps/ppsm/index.html 


The University of Houston is an Affirmative Action/Equal Opportunity 
Employer. Minorities, women, veterans, and person with disabilities are 
encouraged to apply. 


8 Washington University in St.Louis 


SCHOOL OF MEDICINE 
Faculty Positions in Biochemistry and 
Molecular Biophysics 
The Department of Biochemistry and Molecular Biophysics at Washington 


University School of Medicine invites applications for tenured and tenure- 
track faculty positions in computational biophysics and biochemistry. 


Outstanding individuals working in the development and applications 
of computational approaches to the study of biological molecules are 
encouraged to apply. Research programs of successful candidates will 
have a focus on the next generation of computational methodology to 
describe fundamental principles of molecular mechanisms in basic sci- 
ence and medicine. 


Research in the department spans a wide range of topics including 
membrane proteins, molecular motors, nucleic acid/protein interactions, 


molecular structure and dynamics, and signal transduction. The university 
environment is rich with opportunities for collaboration in a wide range 
of disciplines. Additional information about the department is available 
at http://www.biochem.wustl.edu. 


Applicants should email their curriculum vitae and a brief description of 
their research interests to the Search Committee at search@biochem.wustl. 
edu. Applicants should include contact information for three individuals 
who can write letters of recommendation. The committee will request let- 
ters as necessary. Completed applications will be reviewed on a rolling 
basis, starting immediately. For full consideration, applications should 
be received by January 1, 2014. 


Washington University is an Equal Opportunity Employer. We are com- 
mitted to the recruitment of candidates traditionally underrepresented 
on university faculties. Individuals of any race, ethnicity, gender or 
sexual orientation are encouraged to apply, as are disabled individuals 
and veterans. The School of Medicine at Washington University is com- 
mitted to finding solutions to global health problems, including ones 
that affect minority and disadvantaged populations. 


University of Minnesota 
Medical School 


INFECTOUS DISEASES — VIROLOGY 
TENURE TRACK 


The Program in HIV Medicine at the University of Minnesota is 
recruiting for a full-time faculty member at the Assistant, Associate, or 
Full Professor level in the physician/scientist tenure track pathway to 
join the newly established Program in HIV Medicine. The mission of 
this program is to investigate innovative strategies that will contribute 
to curing HIV infection and fully restore immunity. The successful 
candidate will have a MD, PhD, or MD/PhD degree and will focus on 
creating an interdisciplinary, extramurally funded research program to 
identify mechanisms of viral persistence in tissue reservoirs of HIV 
infection. This individual will have the opportunity to collaborate with 
faculty in the Center for Immunology, Department of Microbiology, 
Center for Drug Design, Center for Infectious Disease and Microbiology 
Translational Research, and the Institute for Molecular Virology at the 
University of Minnesota. The successful candidate will also have the 
opportunity to provide outpatient care for HIV-infected patients at the 
University of Minnesota HIV/Infectious Diseases clinic (if a licensed 
MD in the State of Minnesota) and to do inpatient ID consulting. Salary 
will be commensurate with qualifications and expertise. 


Applicants should send a letter of interest describing their research 
interests and expertise, along with current curriculum vitae and the 
names of three references, by e-mail to: Timothy Schacker, MD, 
Director of the Program in HIV Medicine, c/o: Lisa Turnquist 
(turnq007@umn.edu). 


The University of Minnesota School of Medicine is an Equal 
Opportunity, Equal Access, Affirmative Action Employer. 


Talents Recruitment 
Institute of Agro-Products Processing Science and Technology, 
Chinese Academy of Agricultural Sciences Beijing, China 


Authorized by the State Council, Ministry of Agriculture, and Ministry of 
Science and Technology, the Institute of Agro-Products Processing Science 
and Technology (IAPPST), Chinese Academy of Agricultural Sciences (CAAS) 
was founded on the base of the Institute of Atomic Utilization in Agriculture 
in October, 2002. As the only national public welfare research institute on 
agro-products processing, the Institute carries on the responsibility of basic 
and application fundamental research, high-tech development, key technology 
study and products development; solving the fundamental, directional, 
national and strategic scientific issues in China’s agro-products processing. 
The Institute gives full play to leadership as the only national research institute 
on agro-products processing, to devote on scientific research and technology 
innovation, technologies’ transfer and application in industry, international 
cooperation, senior talents cultivation and industrial policy research, etc., to 
build the first class research institution in China and the world. 


With the aim of building the world class research institute in the world, 
based on the requirements of Scientific Innovation Project of CAAS, authorized 
by CAAS, IAPPST now recruits scientists from China and abroad. 


| Job Positions 

1. Cereal and Oil Pressing and Comprehensive Utilization 

(1) Grain and Oil Processing 

Applicant Eligibility 

° Professional background on processing suitability evaluation of staple 
grain and oil plants; production and modification of plant protein; 
comprehensive utilization of grain by-products and functional factors 
extraction; preparation of functional oligopeptide, polysaccharide, and 
related biological activity mechanism; 
An oversea doctor degree or oversea working experience (minimum of 
three years) after PhD; Under 40 years old; 
Presided at least one Project of National Natural Science Foundation of 
China or National Research Project; 
Published at least one paper included by SCI with IF>5 as first author or 
corresponding author or has Provincial Prize (ranked in top 3) 


(2) Potatoes Processing 

Applicant Eligibility 

. Professional background on potato processing and comprehensive 
utilization; extraction and production of nutrient and functional factor 
from potato; nutritional and functional evaluation of potato; 
An oversea doctor degree or oversea working experience (minimum of 
three years) after PhD; Under 40 years old; 


Published at least 3 papers as first author or corresponding author in 
core journal or at least one paper with IF > 5. 

2. Meat Processing and Quality 

Applicant Eligibility 

. Professional background on meat quality and safety, meat engineering 
and technology, comprehensive utilization of animal bone and blood 
technology; 
An oversea doctor degree or oversea working experience (minimum of 
three years) after PhD; Under 40 years old; 
Published at least 3 papers in core journal as first author or corresponding 
author, or at least have one paper with IF > 5; or has Provincial Prize 
(ranked in top2). 

3. Traditional Food Processing and Machinery 

Applicant Eligibility 

. Professional background on engineering and processing technologies for 
the industrialization of traditional Chinese food, traditional Chinese food 
processing equipment design, manufacture and automation; 
An oversea doctor degree or oversea working experience (minimum of 
three years) after PhD; Under 45 years old; 
Presided independently national or provincial research projects; 
published papers in core journal included by SCI with IF >3 as first author 
or corresponding author; or has provincial (or above) prize (rank in top 
3) or get international patent for invention; 
Priority for people with National Distinguished Youth Science 
Foundation. 


4. Fruit and Vegetable Processing and Comprehensive Utilization 
Applicant Eligibility 


° Professional background on fruit and vegetable functional components 
analysis and evaluation, varying pattern, processing control theory and 
technology; 


Doctor degree; Under 40 years old; at least 3 years continuous oversea 
research experience; 
Published at least 1 papers included by SCI with IF >5 as first author or 
corresponding author, or the total IF of papers >10; 
Presided 2-3 research projects in abroad as core scientist. 

5. Preservation and Logistics 

Applicant Eligibility 

° Professional background on cold chain logistics technology and equipment, 
new product research and development on cold chain logistics; preservation 
equipment and preservatives; molecular mechanism of quality control 
during storage of agro-products; 
Doctor degree; Under 45 years old; at least 3 years continuous oversea 
research experience; 
Published at least 2 papers in core journal as first author or corresponding 
author, or at least have one paper with IF > 5; 

. Has important patent for invention; 

. Priority for people with National Distinguished Youth Science Foundation. 


6. Bio-active Factors and Functional Food 

Applicant Eligibility 

° Professional background on bio-active factors; functional evaluation and 
mechanism research on bio-active factors; development of functional 
food; 
Doctor degree; Under 45 years old; at least 3 years continuous oversea 
research experience; 
Published at least 5 papers in core journal as first author or corresponding 
author, or at least one paper with IF >10; or 1-2 significant patent for 
invention; 

. Priority for People with National Distinguished Youth Science Foundation. 

7. Nutrition and Health 

Applicant Eligibility 

. Professional background on food nutrition; structure-function relation of 
nutrients and nutrition therapy, personalized nutrition design and healthy 
food; 
Doctor degree; Under 45 years old; at least 3 years research experience on 
food nutrition and health; 
Published at least 5 papers in core journal as first author or corresponding 
author, or at least one paper with IF >10. 


8. Bio-processing and Food Biotechnology 

Applicant Eligibility 

. Professional background on directional enzymatic hydrolysis and 
transformation of biomass, targeting technology of protein or polysaccharide, 
novel biomaterials and novel biological food; 
Doctor degree; Under 45 years old; at least 3 years continuous oversea 
research experience; 


Published at least 5 papers in core journal as first author or corresponding 
author, or at least one paper with IF >10. 

9. Fungus and Prevention 

Applicant Eligibility 

. Professional background on Verticilium dahliae and toxigenic fungi 
prevention and control technology; 
Doctor degree; Under 45 years old; at least 3 years continuous oversea 
research experience; 
Published at least 5 papers in core journal as first author or corresponding 
author, or at least one paper with IF >10; 
Priority for people with National Distinguished Youth Science Foundation, 
provincial or national prize owner. 

10. Mycotoxin Prevention 

Applicant Eligibility 

° Professional background on formation and control mechanism, mycotoxin 
prevention and elimination theory and technology; 
Doctor degree; Under 40 years old; at least 3 years continuous oversea 
research experience; 
Published at least 5 papers in core journal as first author or corresponding 
author, or at least one paper with IF >10. 


Il Materials Required for Recruitment 
Applicants should provide resume with list of publications, research interests, 


professional titles; PDF copies of certificates of academic achievements and 
documents for funded projects, patents, etc. 


Ill Contact 


Contact person: Ms. Meng Zhe 
Telephone: 86-10-62815957 
Fax: 86-10-62895382 

Mail address: No. 2 Courtyard, Yuanmingyuan West Road, Haidian District, Beijing 
(5109 mailbox) Postcode: 100193 

The Institute’s website: http://www.foodcaas.ac.cn/index.html 


Email: zhbgs5109@126.com 


online @sciencecareers.org 
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YW VANDERBILT 
UNIVERSITY 


FACULTY POSITION IN MICROBIAL PATHOGENESIS 
Department of Pathology, Microbiology and Immunology 
Division of Host-Pathogen Interactions 
Vanderbilt University School of Medicine 


The Department of Pathology, Microbiology and Immunology at Vanderbilt 
University School of Medicine invites applications for a tenure-track faculty 
position at the Assistant Professor level (PhD, MD, MD/PhD). Areas of particular 
interest include, but are not limited to, viral pathogenesis, bacterial pathogenesis, 
and host-microbe interactions. Successful candidates will be expected to establish 
and maintain an independent research program and participate in teaching of 
graduate and medical students. Candidates should have substantial post-graduate 
training highlighted by peer-reviewed publications that demonstrate research 
productivity. 

Vanderbilt University Medical Center, located on the Vanderbilt University 
campus, is home to internationally recognized programs in bioinformatics, 
drug discovery, global health, inflammation, imaging science, pharmacology, 
proteomics, and vaccine science. The School consistently ranks in the Top 20 
US Medical Schools and provides outstanding opportunities for scholarship, 
collaboration, and teaching. 


The Vanderbilt University campus is a National Arboretum located in the heart 
of Nashville, the capital of Tennessee. Known internationally as “Music City 
USA”, Nashville is also the home to professional sports teams, the Nashville 
Symphony, the Frist Center for the Visual Arts, and numerous activities for 
outdoor enthusiasts. Nashville, Tennessee is a wonderful place to live, work, 
and raise a family. 

Applicants should send a curriculum vitae, a statement of current and future 
research interests, and three letters of recommendation to: Eric Skaar, Ph.D., 
Director, Division of Host-Pathogen Interactions, Department of Pathology, 
Microbiology and Immunology, Vanderbilt University School of Medicine, 
Room A-5102, Medical Center North, 1161 21* Ave. S., Nashville, TN 37232. 
Inquiries, applications, and recommendation letters can be directed via email to 
eric.skaar@vanderbilt.edu. 

Vanderbilt University is an Affirmative Action/Equal Opportunity Employer. 
Women and minority candidates are encouraged to apply. 


G2 COLUMBIA UNIVERSITY 
IN THE CITY OF NEW YORK 


Neuroscience Faculty Recruitment 


The Department of Neuroscience at Columbia University is 
currently recruiting faculty in the neurosciences. We have 
a particular interest in research programs that link neural 
circuitry and behavior in genetically-tractable mammalian 
model systems. We will also consider candidates address- 
ing issues in cognitive neuroscience at the level of systems 
and circuits. 


Columbia University has an exceptionally strong and 
broad program in the neurosciences and aims to enhance 
interactions between basic and clinical research and to 
link the neurosciences with a wide range of other disciplines 
within the University. New faculty will be affiliated with the 
Department of Neuroscience, with the Doctoral Program in 
Neurobiology and Behavior, and with the newly established 
Zuckerman Mind Brain Behavior Institute. In addition, 
there are numerous opportunities for interaction with other 
scientific departments and programs at the Medical Center 
and Morningside Heights campuses. 


The application deadline is November 30, 2013. Please 
submit applications online at https://academicjobs. 
columbia.edu/applicants/Central? quickFind=58277 and 
include a cover letter, curriculum vitae, and a statement 
of research interests. In addition, please arrange for three 
references to submit letters of recommendation. 


Columbia University is an affirmative action/ 
equal opportunity employer. 


THE 
UNIVERSITY GRADUATE SCHOOL 


OF OCEANOGRAPHY 
OF RHODE ISLAND 


THREE FACULTY POSITIONS IN OCEANOGRAPHY 
The Graduate School of Oceanography at the University of 
Rhode Island invites applications for 3 tenure track faculty members. 
We seek applications for 1). Assistant Professor in marine 
biogeochemistry (posting: 6001261); 2). Assistant Professor in 
physical oceanography with an interest in submeso- and smaller- 
scale processes (posting: 6001252); and 3). Full Professor of 
Oceanography and Director of the Coastal Resources Center 
(posting: 6001259). 
Located on the water's edge at URI’s Narragansett Bay Campus, 
GSO is the state's center for marine studies, research and outreach 
and operates the R/V Endeavor. Students, faculty and_ staff 
collaboratively address the science questions and challenges of today. 
Each new faculty member will be expected to develop strong 
externally funded research programs, advise graduate students, and 
teach undergraduate and graduate courses. 
Application review will begin January 7, 2014 and continue until the 
positions are filled. Visit https://jobs.uri.edu and search individual 
position numbers to read full position descriptions with required and 
preferred qualifications. Submit applications online, including the 
following in PDF format: (1) a letter of application; (2) curriculum 
vitae to include the names, email addresses, and telephone numbers 
of at least three references; and (3) a statement of teaching and 
research interests. Other relevant material in support of your 
application may be sent directly to the search chairs (Marine 
Biogeochemistry, Rebecca Robinson, rebecca_r@mail.uri.edu; 
Physical Oceanography, Arthur Spivack, spivack@mail-uri.edu; 
Professor/Director Coastal Resources Center, David Smith, 
desmith@mail.uri.edu). The University of Rhode Island is an 
AA/EEOD employer and values diversity. 


Fy UNIVERSITYATALBANY 


ANY Seate University of New York 


RNA Cancer Biologist Assistant Professor 


The Department of Biological Sciences and The RNA Institute invite appli- 
cations for a tenure track Assistant Professor position in cancer biology 
with a focus on the role of RNA in oncogenesis or cancer therapeutics, or 
an RNA based genomics approach to cancer biology. 


The successful candidate will be a member of the Department of Biological 
Sciences and The RNA Institute (http://www.albany.edu/rna) which has 
state-of-the-art laboratories housed in the Life Sciences Research Building 
(http://www.albany.edu/lifesciences). The Institute brings together more 
than 35 investigators from the College of Arts & Sciences, the College of 
Nanoscale Science and Engineering, the School of Public Health, and 
regional institutions including the Wadsworth Center, Rensselaer 
Polytechnic Institute, and Albany Medical College. This creates an out- 
standing environment for research collaborations. 


The successful candidate will be offered a competitive salary, start-up pack- 
age, and research space. 


Submit applications at: 
http://albany.interviewexchange.com/candapply.jsp? JOBID=42800 


Applications must include a CV with publications, present and past grant 
funding, statements of research interests and experience in RNA science 
and teaching interests, and a minimum of three letters of references as 
directed by the above website. 


Qualifications: Ph.D. or M.D. from a college or university accredited by 
the U.S. Department of Education or an internationally recognized 
accrediting organization and a strong publication record reflecting signif- 
icant scientific accomplishments. The applications must address the can- 
didate’s ability to work with and instruct a culturally diverse population. 
Preferred qualifications include productive post-doctoral training and the 
potential, or demonstrated ability, to obtain independent extramural fund- 
ing. Review of applications will begin on November 15, 2013 and contin- 
ue until the position is filled. 


The University at Albany is an EEO/AA/IIRCA/ADA employer. 


GRADUATE SCHOOL OF 
Quantitative my) Se 


Do you wish to... 


B O S C e ‘al C eC S ... earn a PhD, building on your training in biochemistry, 


biology, physics, or applied maths? 


... conduct cutting-edge research at the interface of 
experiment and quantitative theory? 


... learn how to communicate and work with scientists 
from different fields? 


Then join us at QBM! 


The newly established Graduate School of Quantitative Biosciences Munich (QBM) 

is funded by the German Excellence Initiative and seeks to prepare young life scientists 
for the emerging era of quantitative, systems-oriented bioscience. It provides an 
innovative, international PhD training program that bridges the divide between 
traditionally separate disciplines, from biochemistry and medicine to bioinformatics, 
experimental and theoretical biophysics, and applied mathematics. 


Key elements of the program are an interdisciplinary research project jointly supervised 
by two Pls from different fields, and an educational curriculum centered around an 
intensive core course that integrates a wide range of approaches to biological 
problems. A multi-facetted mentoring and professional skills program supports the 
students’ growth as independent scientists. 


For more information, visit us at www.qbm.|mu.de 
Application deadline: January 6, 2014 


g 


, 7 . Alexander von Humboldt 
MAX-PLANCK-GESELLSCHAFT Call for Nominations ediaanieaiiniail 


Max Planck Research Award 2014 


The International Research Award 
of the Alexander von Humboldt Foundation and the Max Planck Society 


The Alexander von Humboldt Foundation and the Max Planck Society jointly confer the Max Planck Research Award, which is funded by the Ger- 
man Federal Ministry for Education and Research, on exceptionally highly-qualified German and foreign scientists. The researchers are expected 
to have already achieved international recognition and to continue to produce outstanding academic results in international collaboration — not least 
with the assistance of this award. 


Every year, two research awards are conferred on internationally renowned scientific researchers. One of the awards should be given to a resear- 
cher working in Germany and the other to a researcher working abroad. As a rule, each Max Planck Research Award is endowed with 750,000 
Euros. Nominations of qualified female scientific researchers are especially welcome. 


On an annually-alternating basis, the call for nominations addresses areas within the natural and engineering sciences, the life sciences, and the 
human and social sciences. 


The Max Planck Research Award 2014 will be conferred in the area of natural and engineering sciences in the subject 


Quantum Nano Science 


113 years after the foundation of quantum theory by Max Planck, researchers succeed in controlling materials with ever higher precision to realize 
exotic quantum states. Thus nano structured materials and devices arise, that by exploiting the most bizarre features of quantum mechanics — take 
discretisation, superposition, entanglement and many body systems as examples - are designed for special purposes. Such phenomena form the 
focus of the relatively young experimental field of Quantum Nano Science that has emerged at the interfaces of nano science, quantum optics, 
photonics, materials technology and quantum information. 


The Rectors/Presidents of German universities or research organisations and the scientific heads of institutes of these organisations are eligible 
to nominate candidates. Nominations must be submitted to the Alexander von Humboldt Foundation. Applications by prospective candidates 
themselves are not possible. The deadline for nominations is 31 January 2014. 


SPONSORED BY TRE 


Ey Federal Ministry 
cp) of Education 
ane Research 


Further information can be obtained from the 


Alexander von Humboldt-Stiftung, Bonn (Germany) 
www.humboldt-foundation.de/web/max-planck-award.html 
E-Mail: ursula.michels@avh.de 


online @sciencecareers.org 
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: a Assistant Professor of Systems Biology 
= Harvard Medical School 


Applications are invited for an Assistant Professor position 
with a primary appointment in the Department of Systems 
Biology and an associate faculty appointment in the Center 
for Biomedical Informatics at Harvard Medical School. 


The Department of Systems Biology studies the dynamic and quantitative 
behavior of systems of biological components — molecules, cells, organ- 
isms or entire species. The Center for Biomedical Informatics conducts 
informatics research with a strong emphasis on translational biomedicine 
informed by innovative computational strategies. Both groups have core 
interests in the application of computer science, statistics and mathemat- 
ics to biomedical problems. This position is expected to help bridge the 
research areas of these two faculties. 


The successful candidate will be a computational biologist using cut- 
ting-edge bioinformatics techniques that are rooted in a fundamental 
understanding of biophysical principles, and applied to problems of 
immediate medical relevance. Candidates with active research programs 
and demonstrated ability to provide insight into both basic biological 
problems and problems directly relevant to human health will be at a 
particular advantage. 


The appointee will become a member of Harvard’s Ph.D. Program in 
Systems Biology, a cross-Harvard interdisciplinary program that attracts 
extraordinary graduate students, as well as the Master of Medical Sciences 
in Biomedical Informatics (MMSc) degree program at CBML. A doctoral 
degree is required. 


The deadline for applications is November 30, 2013. Please submit a 
curriculum vitae, research proposal (<4 pages), and PDFs of <3 publica- 
tions. During the application process you will be asked to give the e-mail 
addresses of at least three colleagues who have agreed to write letters of 
recommendation for you. 
Applications from, or nominations of, women and minority candidates 
are encouraged. Harvard is an Affirmative Action/Equal Opportunity 
Employer. 


A Plant Physiology 
WASHINGTON STATE Assistant Professor 


af UNIVERSITY School of Biological Sciences 
College of Arts and Sciences 


The School of Biological Sciences at Washington State University, Pullman, 
Washington, invites applications for a full-time, permanent, tenure-track faculty 
position in plant physiology. This position is to be filled at the Assistant Professor 
level and will begin in August of 2014. Candidates are expected to perform funda- 
mental research that examines factors controlling or coordinating the physiology 
of plants, particularly mechanisms of resource acquisition and utilization. The 
ideal candidate will combine traditional physiological investigations and cutting 
edge approaches such as genomics, transcriptomics, metabolomics, dynamic 
imaging and microscopy, growth modeling and/or plant hyperspectral analysis. 
Areas of research may include but are not limited to photosynthesis, primary 
metabolism, and growth. The research should be relevant to current areas of 
interest in the plant sciences such as energy, water and nutrient use efficiency, 
and to future societal challenges. 

Required qualifications include an earned doctorate in biology or related field at 
time of application, a record of research accomplishment in plant physiology, 
record of ability to teach undergraduate and graduate courses in plant biology, 
including physiology, effective communication skills, and demonstrated ability 
to collaborate with other scientists. Duties include developing and maintaining 
an active research program supported by extramural funding, training gradu- 
ate and undergraduate students, teaching graduate and undergraduate courses 
in biology, participating in service needs, and advancing our commitment to 
diversity and multiculturalism. 


To apply, visit www.wsujobs.com to upload application materials. Applications 
must include a letter of application addressing qualifications, a curriculum vitae, 
separate teaching and research statements and up to five selected reprints of 
published or in press papers. Three (3) letters of recommendation that address 
the applicant’s history of and potential for research, teaching and communication 
excellence are required. The reference letters will be automatically requested 
and obtained from the reference provider through our online application system. 
Review of applications begins November 12, 2013. For information on the 
position or the status of your application, candidates may contact Dr. Mechthild 
Tegeder (tegeder@wsu.edu). Full notice of vacancy can be viewed at https: 
/Iwww.wsujobs.com. 


EEO/AA/AD 


California State Polytechnic University, Pomona 
Biological Sciences Department 


TENURE-TRACK FACULTY POSITION 
‘al PLANT GENETICIST 


The Biological Sciences Department at California State Polytechnic Uni- 
versity, Pomona (Cal Poly Pomona) invites applications for a tenure-track, 
ASSISTANT PROFESSOR position in Plant Genetics, beginning September 
2014. The area of specialty is open, but candidates who use molecular or com- 
putational tools to understand aspects of plant development, stress response, 
epigenetics, genomics, evolution and/or ecology are encouraged to apply. A 
Ph.D. in biology, botany, genetics, or a related field is required. Post-doc- 
toral experience and previous college teaching experience are preferred. The 
successful candidate will have the potential for excellence in undergraduate 
teaching, and for developing an externally-funded research program that will 
involve undergraduate and Master’s students. Teaching responsibilities will 
include plant and genetics courses, specialty courses in the candidate’s area 
of expertise, and may involve participation in introductory biology and other 
courses in botany. Cal Poly Pomona is a comprehensive Master’s university 
with a diverse student body. The successful candidate will have demonstrated 
an ability to be responsive to the educational equity goals of the university 
and its increasing ethnic diversity and international character. 


Applicants should forward: (1) a cover letter that briefly describes the 
candidate’s training, experience, and teaching and research interests; (2) 
curriculum vitae; (3) statement of teaching philosophy; (4) proposed plan 
of research; (5) representative publication reprints; and (6) the names and 
contact information of five references to: Chair, Plant Genetics Search 
Committee, Biological Sciences Department, California State Polytech- 
nic University, 3801 West Temple Avenue, Pomona, CA 91768. Elec- 
tronic submission of application materials as a single PDF file is preferred 
(plantgene_search@csupomona.edu). Review of applications begins on 
December 2, 2013. Official transcripts and three letters of reference will be 
required of all finalists. For further information, visit the Department web 
site at: http://www.csupomona.edu/~biology. 


California State Polytechnic University, Pomona is an Equal Opportunity, 
Affirmative Action Employer. 


Faculty Position in Sensory Neurobiology 
Department of Biological Sciences 
Purdue University 


Purdue University is recruiting 6 faculty members who will enhance ongoing 
efforts in autism research. Areas of specialization are expected to range from the 
molecular, cellular and organismal to the behavioral, systems and educational 
levels. Current searches associated with the Autism Cluster are in Biological 
Sciences, Education, Psychological Sciences and Speech, Language and Hearing 
Sciences, http://www.purdue.edu/hhs/psy/autismclusterhires.php. 


The Dept of Biological Sciences invites applicants for a tenure-track Assistant 
Professor position in the area of Sensory Neurobiology. We seek candidates 
whose research focuses on the neurobiology underlying any of the major senses 
at the molecular, cellular or organismal levels. Approaches of interest include 
circuit and optogenetics, electrophysiology, advanced imaging, and animal 
models of disease, particularly those with implications for autism. Applicants 
must have a Ph.D. or equivalent in neurobiology or a related discipline and at 
least 2 years of postdoctoral experience. The successful applicant will conduct 
research, teach undergraduate and graduate students, and participate in ongoing 
programs in the Department. 

The Department has over 50 faculty members conducting research in diverse 
fields including neurobiology, cell/molecular/developmental biology, behavior, 
evolution, ecology, microbiology/ virology, structural biology, and bioinformatics. 
For further information about the Department visit http://www.bio.purdue.edu/. 
The successful candidate will have opportunities to interact with neurobiolo- 
gists and allied scientists across the University, including the Purdue University 
Interdisciplinary Neuroscience Program and the Purdue Autism Cluster. First-rate 
laboratory facilities are available in Lilly Hall, allied Centers, and new facili- 
ties in the Jischke Hall of Biomedical Engineering and the Hockmeyer Hall of 
Structural Biology. 


Applications and inquiries must be submitted electronically to https://hiring. 
science.purdue.edu. Applications must be in the form of a PDF file that 
includes a detailed curriculum vitae, names and addresses of three referees, a 
2 - 3 page summary of research interests, and a one-page teaching statement. 
mailto:Search@bio.purdue.edu. Review of applications will begin December 
1, 2013 and continue until the positions are filled. A background check will be 
required for employment in this position. 
Purdue University in an Equal Opportunity/Equal Access/Affirmative Action 
Employer fully committed to achieving a diverse workforce. 


FACULTY CLUSTER HIRE APPOINTMENTS 


Microbial Systems for the 
Bioremediation of Water and Soils 


ARE YOU A CREATIVE INVESTIGATOR WHO EXCELS AT WORKING COLLABORATIVELY AND 
PUSHING DISCIPLINARY BOUNDARIES? 


The University of Minnesota announces hiring for an interdisciplinary research cluster focused on 
the use of bioremediation to conserve the environment and advance industry. The first in a hiring series 
supported by Minnesota Discovery, Research and InnoVation for Minnesota’s Economy (MnDRIVE), 
this initiative focuses on using scientific discovery and innovation to enhance efficient environmental 
stewardship and to position the state as a leader in key industries. 


The University, in the first phase, will fill four faculty positions in the Departments of Civil Engineering; 
Soil, Water, and Climate; and Biochemistry, Molecular Biology and Biophysics. In particular, new 
faculty hires will be sought with expertise in metal transformations, the degradation and remediation 
of organic contaminants, and the recovery and treatment of inorganic nutrients. 


All faculty members will have co-appointments in the Biotechnology Institute (BTI) to facilitate interac- 
tions between faculty across multiple colleges and departments and with Minnesota industries. 


All positions are tenure track, with 9 month appointments. Successful candidates will have research 
expertise that complements current faculty and be committed to graduate and undergraduate 
DA education. The University of Minnesota is an equal opportunity educator and employer. 


UNIVERSITY 
OF MINNESOTA LEARN MORE AT 
z.umn.edu/bioremediationhiring UNIVERSITY OF MINNESOTA 


Florida State University 
Faculty Recruitment for an Interdisciplinary 
Initiative in Brain Health and Disease 


Florida State University is pleased to announce a major interdisciplinary faculty hiring initiative in the broadly defined area of mechanistic and trans- 
lational approaches to brain health and disease. As many as nine tenure-track/tenured faculty positions will be filled. This faculty search is open with 
respect to rank and academic department. We invite nominations and applications from researchers conducting basic science (including research on 
nonhuman animals), clinical/translational science, cognitive, behavioral, social and developmental neuroscience as well as computational, bio-informatic, 
specialized imaging, and genetic approaches to studying brain health and disease. Areas of interest include, but are not limited to, brain systems that 
regulate normal and abnormal behavioral and cognitive functions across the life span, brain mechanisms underlying psychiatric, neurodevelopmental, 
and neurodegenerative disorders, and the effects of environmental and social influences on brain function. 


Successful candidates are expected to be using innovative methodologies and approaches to the study of brain function and to have a synergistic impact 
on existing research programs in the University’s departments and interdisciplinary centers (http://www.research.fsu.edu/brain-initiative_search/) as 
well as open up new areas. Sustained pursuit of collaborative, externally-funded projects is an explicit goal to be addressed by this initiative. Successful 
candidates will be offered highly competitive salaries and start-up packages, state-of-the-art research space and access to world-class instrumentation 
and facilities in academic and interdisciplinary units. 


Florida State University is a Carnegie RU/VH (very high research activity) institution with a student population exceeding 41,000. The University is 
located in Tallahassee, the Capital of Florida, where residents have access to a broad range of cultural amenities afforded by the presence of three insti- 
tutions of higher learning. The region is in close proximity to the Apalachicola National Forest and boasts an abundance of springs, lakes and rivers as 
well as pristine beaches and the adjacent waters of the Gulf of Mexico. 


Applicants are asked to provide a single document in PDF format containing a letter of application, a full CV, the names and contact information of three 
references, and a two page narrative describing their research interests that should include links to recent publications and a clear statement as to how the 
candidate would complement this inter-college hiring initiative at Florida State University. Send full applications to brain-initiative.search@fsu.edu. 
For full consideration, applications should be received by November 15, 2013. 


Florida State University is committed to the diversity of its faculty, staff, and students, and to sustaining a work and learning 
environment that is inclusive. Women, minorities, and people with disabilities are encouraged to apply. 
FSU is an Equal Opportunity/Access/Affirmative Action Employer. 
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Reserve your ad by October 15 to guarantee space.* 
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Looking for neuroscientists? Here’s how Science can help: 


This feature takes a look at sensory science to help understand 


the mechanisms underlying our perceptions. Researchers are working to 
help translate these basic research findings into innovations that improve 


how we experience life, from restoring hearing loss to dampening pain to 


enriching the scents and flavors of every day products. = inalleadve mse Ge clencecatects alg 


Or telephone us: 


As a recruiting partner, Science Careers delivers a worldwide US /Canada/South America: 
circulation of over 570,400 readers in print with thousands more online. 202-326-6582 
30% of our readers’ primary work or interest = neuroscience. In the last ; : 
quarter, over 6,700 job seekers were searching for Neuroscience positions Europe/India/Australia/New Zealand/ 
‘ ; Rest of World: +44 (0) 1223 326500 
on ScienceCareers.org. Make sure you are reaching thesetargeted groups 


by advertising in print and on our job board. Japan: +81-(0)90-9110-1719 


Bonus Distribution to: 
Society for Neuroscience, November 9-13, San Diego, CA 
Special Distribution to 25,000 scientists beyond our regular circulation 


China/Korea/Singapore/Taiwan/ 
Thailand: +86-1367-1015-294 


When it comes to finding the right researcher, Science offers 
a simple formula: relevant content that spotlights your ad + a large, 
qualified audience = your hiring success. 


For recruitment in science, there’s only one 


Produced by the Science/AAAS Custom Publishing Office 
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Driven to Discover” 


Integrative Biology 
and Physiology 


Medical School 


Are you a creative biomedical scientist that pushes disci- 
plinary boundaries and embraces collaborative work? 


Then we want to hear from you. 


The Department of Integrative Biology & Physiology—a 
new department in the University of Minnesota Medical 
School—is hiring tenure-track faculty at all ranks. Our 
mission involves gene to whole organism, focusing on car- 
diovascular, muscle, obesity, diabetes and metabolism. 


Successful candidates will have expertise that comple- 
ments current faculty and be committed to graduate and 
undergraduate education. 


Learn more at 
http://physiology.med.umn.edu 


The University of Minnesota is an Equal Opportunity 
Educator and Employer. 


Keck School of Medicine of USC 


Department of Stem Cell Biology 
and Regenerative Medicine 


Assistant Professorships in 
Stem Cells and Regenerative Medicine and 
Stem Cells Tissue Engineering 


The Department of Stem Cell Biology and Regenerative Medicine is 
recruiting candidates whose research focuses on understanding fundamen- 
tal principles of regenerative processes and developing knowledge-based 
approaches to organ repair. The Department is housed within the newly 
created Eli and Edythe Broad CIRM Center for Regenerative Medicine and 
Stem Cell Research within the Keck School of Medicine at the University 
of Southern California. Significant resources are available to support all 
aspects of stem cell research within the building and adjacent centers. 
Excellent collaborative opportunities exist across the USC campuses. The 
Department is seeking scholars researching and translating regenerative 
mechanisms of tissue repair. More specifically, the Department is inter- 
ested in applicants employing tissue engineering to regenerative medicine. 
In addition to its research mission, all members will play an important role 
in the educational mission of this newly created Department. Generous 
start-up packages will be awarded to the successful candidates. 


Online applications will be accepted for each search, please apply to 
https://jobs.usc.edu/applicants/Central? quickFind=72396 for both the 
search in Stems Cells and Regenerative Medicine and Stem Cells Tissue 
Engineering. Applications should include a letter of interest, curriculum 
vitae, brief 2-3 page outline of research past, present and future, and 
four letters of reference. The applicant is responsible for ensuring the 
completed application is received before November 21%, 2013. 


Women and individuals belonging to minority groups are particularly 
encouraged to apply. The University of Southern California is an 
Equal Opportunity Affirmative Action Employer. 
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FALLING WALLS is a unique interna- 
tional platform for leaders from the 
worlds of science, business, politics, 
the arts and society. 


THE FALLING WALLS CONFERENCE 
(9 November, 9:00-19:00) is at the heart 
of the Falling Walls days in Berlin. Over 
20 researchers from top institutions 
around the globe present in only 15 


REGISTER BEFORE 30 OCTOBER 2013 
www.falling-walls.com/registration 
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The Falling Walls Venture (8 November, 
13:00-18:00) is an international forum 
for outstanding science based start-up 
companies, venture capital companies 
and strategic investors. It is supported 
by the European Private Equity and 
Venture Capital Association (EVCA). 
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and registration: 
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Science Careers js the forum 
that answers questions. 


and More! 


Science Careers Forum: 


Visit the forum and join 
the conversation today! 


Science Careers is dedicated to opening new doors and 
answering questions on career topics that matter to you. 
With timely feedback and a community atmosphere, our 
careers forum allows you to connect with colleagues and 
experts to get the advice and guidance you seek as you 
pursue your career goals. 


Relevant Career Topics = 


Timely Advice and Answers E= —— 
Community, Connections, I ~— 
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Your Future Awaits. 


From the journal Science [NAAA 


Assistant or Associate Professor 


Perelman 


School of Medicine 

UNIVERSITY Of PENNSYLVANIA 
The Department of Cancer Biology at 
the Perelman School of Medicine at the 
University of Pennsylvania seeks candidates 
for an Assistant, Associate, and/or Full 
Professor position in the tenure track. Rank 
will be commensurate with experience. The 
successful applicant will have experience in 
the field of cancer biology, including but not 
limited to cancer genetics and genomics, 
tumor microenvironment, chromosome 
biology, cancer cell metabolism and oncogenic 
signaling 
Responsibilities include the development of 
an independent research program. Teaching 
duties comprise mentoring students and 
course lecturing. Applicants must have an M.D. 
and/or Ph.D degree and have demonstrated 
excellent qualifications in education and 
research. 


We seek candidates who embrace and reflect 
diversity in the broadest sense. The University 
of Pennsylvania is an equal opportunity, 
affirmative action employer. 


Apply for this position online at: http://www. 
med.upenn.edu/apps/faculty_ad/index.php/ 
g304/d3418 


wl SOUTHWESTERN 
MEDICAL CENTER 
The University of Texas Southwestern Medical 
Center is accepting applications for an expe- 
rienced specialist to assist in mouse embryo 
transfer, transgenesis, ICSI, and stem cell 
work in the rapidly expanding Center for the 
Genetics of Host Defense under the direction 
of Dr. Bruce Beutler. 


Competitive applicants must have a 
Bachelor’s or Master’s degree with existing 
proficiency with these techniques preferred. 
Teamwork is essential. Please send CV 
including contact information to: 

Bruce Beutler, M.D. 

Regental Professor and Director 
Center for Genetics of Host Defense 
Raymond and Ellen Willie 
Distinguished Chair in Cancer Research 
in honor of 
Laverne and Raymond Willie Sr. 

The University of Texas 
Southwestern Medical Center at Dallas 
5323 Harry Hines Boulevard 
Dallas, Texas 75390-8505 
Telephone: (214) 648-5838 
Email: 
Bruce.Beutler@utsouthwestern.edu 
Visit Mutagenetix: 
http://mutagenetix.utsouthwestern.edu 


UT Southwestern is an Affirmative Action/ 
Equal Opportunity Employer. Women, 
minorities, veterans, and individuals with 
disabilities are encouraged to apply. 


SE. FACULTY POSITION IN 
Ryd] SOFT MATERIALS AT 
WSS) DREXEL UNIVERSITY 


UNIVERSITY 


The Department of Materials Science 
& Engineering at Drexel University 
(www.mse.drexel.edu) is seeking applications 
for a tenured/tenure-track faculty position with 
a demonstrated record of excellence in origi- 
nal research in soft materials. While primary 
consideration will be given to candidates with 
areas of expertise in synthesis and processing 
of polymeric materials, the ideal applicant 
should possess research interests in apply- 
ing principles of soft materials in emerging 
research areas such as advanced energy tech- 
nologies, biomedical materials and devices, 
or environmental sustainability. Located in an 
exciting urban environment, our department 
has rapidly expanded during the past 10 years; 
presently has 16 faculty, 155 undergraduate and 
over 100 graduate students working in four 
core research directions including materials 
for energy, health, extreme environments and 
electronics. Our graduate program was recently 
ranked #11 among all materials PhD programs 
in the US by the National Research Council. 
To apply, please go to our application page 
http://www. materials.drexel.edu/faculty/ 
positions/. The position is available immedi- 
ately and applications will be considered until 
the position is filled. 


Drexel University is an Equal Opportunity 
Employer and encourages applications from 
qualified women and minorities. 


Science | Careers 


There’s only one 
DR. SHIRLEY MALCOM 


lie Dr. Shirley Malcom, born and raised in the segregated South more than 65 years ago, a career based 
on her studies in science seemed even less likely than the launch of the Soviet’s Sputnik. But with Sputnik’s 
success, the Space Race officially started and, in an instant, brought a laser-like focus to science education 
and ways to deliver a proper response. Not long after, Dr. Malcom entered the picture. 
Although black schools at the time received fewer dollars per student and did not have sufficient 
resources to maintain their labs at a level equivalent to the white schools, Dr. Malcom found her way to the 
University of Washington where she succeeded in obtaining a B.S. in spite of the difficulties of being an 
African American woman in the field of science. From there she went on to earn a Ph.D. in ecology from 
Penn State and held a faculty position at the University of North Carolina, Wilmington. 
Dr. Malcom has served at the AAAS in multiple capacities, and is presently Head of the Directorate for 
Education and Human Resources Programs. Nominated by President Clinton to the National Science Board, she 
also held a position on his Committee of Advisors on Science and Technology. She is currently a member of the 
Caltech Board of Trustees, a Regent of Morgan State University, and co-chair of the Gender Advisory Board of 
the UN Commission on Science and Technology for Development. She has held numerous other positions of 
distinction and is the principal author of The Double Bind: The Price of Being a Minority Woman in Science. | Science. 
Of her active career in science, Dr. Malcom says, “I guess | have become a poster child for taking =: 
one’s science background and using that in many other ways: we ask questions; we try to under- 
stand what we find; we consider what evidence we would need to confirm or refute hypotheses. 
And that happens in whatever setting one finds oneself.” 
At Science we are here to help you in your own scientific career with expert career advice, 
forums, job postings, and more — all for free. Visit Science today at ScienceCareers.org. 


For your career in science, there’s only one | Science 


ScienceCareers.org 


Career advice Jobpostings JobAlerts Career Forum Crafting resumes/CVs Preparing for interviews 


online @sciencecareers.org 
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& Perelman 


School of Medicine 
VK IV ERS of PERRET VARIA 


ASSISTANT PROFESSOR OF 
PHYSIOLOGY 


The Department of Physiology at the Perelman 
School of Medicine at the University of Pennsyl- 
vania seeks candidates for an Assistant Professor 
position in the tenure track. Responsibilities in- 
clude establishing and conducting an independent 
research program, and supervising, mentoring, and 
teaching students. Applicants must have an M.D., 
Ph.D., or equivalent degree and have demonstrated 
excellent qualifications in research. 

The successful applicant will have experience in 
any aspect of physiology, ranging from integra- 
tive to cell biological to molecular biophysical. 
Emphasis will be placed on novelty and impact of 
the research, with special consideration given to 
candidates employing cutting-edge approaches. 
Please submit a cover letter, curriculum vitae, the 
names and contact information of three references, 
and a two- to four-page statement of your research 
interests. 

First consideration will be given to applications 
received by November 30, 2013, but applications 
will continue to be accepted after this date. 

We seek candidates who embrace and reflect diversity in the 
broadest sense. The University of Pennsylvania is an Equal 
Opportunity /Affirmative Action Employer. 

Apply for this position online only at website: 
http://www.med.upenn.edu/apps/faculty_ad/ 
index.php/g311/d3426. 


ASSISTANT PROFESSOR-ALL AREAS 
Princeton University 
Department of Chemistry 


The Department of Chemistry at Princeton Univer- 
sity invites applications for a tenure-track assistant pro- 
fessor position in all areas of chemistry. We seek faculty 
members who will create a climate that embraces ex- 
cellence and diversity, with a strong commitment to 
teaching and mentoring that will enhance the work of 
the department and attract and retain students of all 
races, nationalities, and genders. We strongly encourage 
applications from members of all underrepresented groups. 
Candidates are expected to have completed the Ph.D. in 
chemistry or a related field at the time of appointment. 
Applicants should submit a description of research in- 
terests, curriculum vitae, a list of publications, and contact 
information for three references online at website: 
http://jobs.princeton.edu/applicants /Central? 
quickFind=64207. The search committee will begin 
review of applications on October 17, 2013 and will 
continue until the position is filled. 

Princeton University is an Equal Opportunity Employer and 
complies with applicable EEO and Affirmative Action regulations. 


FACULTY POSITION PRIVATE 


University of Wisconsin-Madison 


The Department of Comparative Biosciences, School 
of Veterinary Medicine invites applications for tenure- 
track faculty position (ASSISTANT/ASSOCIATE 
PROFESSOR). Qualifications include Ph.D. or equiv- 
alent, postdoctoral experience, ability to develop extra- 
murally funded research program and commitment 
to excellent teaching. Research area is open, but pref- 
erence given to neuroplasticity, mammalian epigenetics 
and/or host/microbiome interactions. Teaching re- 
sponsibilities based on expertise. Send cover letter, cur- 
riculum vitae, brief statements of research interests and 
goals and teaching philosophies and experience, and 
three letters of reference to: Hannah Carey, Professor, 
Department of Comparative Biosciences, Universi- 
ty of Wisconsin, 2015 Linden Dr., Madison, WI, 
53706. Apply by December 15, 2013. Send application 
to e-mail: cbs_admin@vetmed.wisc.edu. For additional 
information, see website: http: //www.vetmed.wisc. 
edu/about-the-school/employment/. Equal Opportunity/ 
Affirmative Action Employer. 


278 


POSITIONS OPEN 


MARINE LABORATORY 


2014 POSTDOCTORAL RESEARCH 
FELLOWSHIPS 


In support of its 2020 Vision & Strategic Plan, Mote 
Marine Laboratory will award fellowships in 2014 
for three tracks: any marine research field; general 
coastal ecology, and shellfish /benthic ecology. Two 
fellowships are expected to begin between January and 
August 31 with a third fellowship expected to begin 
by December 31. A Ph.D. must have been awarded by 
start of fellowship award period and only applicants 
who received the Ph.D. (or equivalent) on or after De- 
cember 2010 will be considered. For complete Fel- 
lowship information and application requirements see 
website: http://www.mote.org/postdocs. 

Mote Marine Laboratory is an Equal Opportunity Employer/ 
ADA/E- Verify Employer. 


TENURE-TRACK FACULTY POSITION 
Forensic Biology 


The Department of Biology (website: http://biology. 
iupui.edu) and the Forensic and Investigative Science 
Program (website: http://forensic.iupui.edu) in the 
School of Science at Indiana University-Purdue Uni- 
versity Indianapolis (IUPUI) invite applications for 
a tenure-track faculty position in Forensic Biology to 
begin August 1, 2014. Applicants with interests in ge- 
netics, molecular biology, bioinformatics, or a related 
area applicable to forensic science are encouraged to ap- 
ply. Applicants must have a background appropriate for 
successful teaching in interdisciplinary B.S. and M.S. 
degree programs in Forensic and Investigative Sciences. 
A Ph.D. with postdoctoral experience is required, to- 
gether with demonstrated evidence of research excellence 
and the ability to initiate and maintain an externally 
funded research program. The Forensic and Investiga- 
tive Sciences Program has an eight-year-old, accredited 
B.S. degree with more than 120 majors and a MLS. de- 
gree. Both the B.S. and MLS. degrees have concentrations 
in forensic biology and forensic chemistry. One PDF file 
should be submitted to e-mail: forensicbiosearch@ 
chem.iupui.edu that includes a cover letter, curriculum 
vitae, and statement of research plans (max five pages) 
and teaching interests /experience (max two pages). Can- 
didates should arrange to have three letters of recom- 
mendation sent to the same e-mail address. Evaluation 
of completed applications will begin November 1, 2013 
and will continue until the position is filled. 

IUPUI is an Equal Employment Opportunity /Affirmative 
Action Employer, Minorities/Females/Persons with Disabilities. 


MARINE AND COASTAL SCIENCES 


The Department of Ecology and Evolutionary Bi- 
ology at Tulane University seeks a full-time, non-tenure- 
track PROFESSOR OF THE PRACTICE (PoP) 
beginning fall 2014. The PoP will administer marine 
biology minors and teach introductory marine biol- 
ogy and other courses in marine and coastal sciences. 
An earned doctorate in biological sciences or other 
appropriate field is required. We seek an exceptional 
individual with a commitment to excellence in under- 
graduate education. PoPs are appointed for initial three- 
year, renewable terms. More information about the 
position can be found at website: http://tulane.edu/ 
sse/eebio/about/pop.cfm. To apply, submit curric- 
ulum vitae, statement of teaching philosophy and pro- 
posed classes, description of scholarly and teaching 
interests and experience, and the names and addresses 
of three references electronically to e-mail: ecolevol@ 
tulane.edu. Review of applications will begin No- 
vember 15, 2013, and the position will remain open 
until filled. Tulane University is an Affirmative Action/Equal 
Employment Opportunity/ADA Employer committed to excellence 
through diversity. All eligible candidates are encouraged to apply. This 
position is subject to final budgetary approval. 
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Statement required by the Act of 12 August 1970, 
Section 3685, Title 39, United States Code, showing 
the ownership, management, and circulation of: 

1-9. Science, Publication No. 0036-8075, is published 
weekly on Friday, except the last week in December, at 
1200 New York Avenue, N.W., Washington, DC 20005. 
Date of filing: 25 September 2013. This is also the ad- 
dress of the publisher, the editor, and the managing 
editor, who are, respectively, Beth Rosner, Marcia McNutt, 
and Monica M. Bradford. 

10. The owner is the American Association for the 
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our CWC data set (2/), suggesting additional pa- 
ternal genetic links to Kurgan cultures. Together 
with the affinities of the CWC to present-day pop- 
ulations of Eastern Europe, the Baltics, and the 
Caucasus (figs. S4G to S7G), this suggests a 
genetic influx into Central Europe from the East, 
likely influenced by Kurgan cultures (movie S1) 
(2, 3). 

Event D (~2500 cal BCE) is defined by the 
BBC (movie S1), the western counterpart of the 
CWC (fig. S2) (2-4). BBC groups appeared 
~300 years later in Mittelelbe-Saale and coexisted 
alongside the CWC for more than 300 years 
(4). The BBC is distinguished from the CWC 
by the absence of haplogroup I and U2 and an 
overwhelmingly dominant genetic signature of 
haplogroup H (48.3%) (fig. S3), leading to a 
separation of the BBC from all other Mittelelbe- 
Saale cultures in PCA and cluster analysis (Fig. 1, 
C and D). H remains the most frequent haplo- 
group in West European populations today (~40%) 
(8, 9) and was absent in Central European hunter- 
gatherers (0, /4) but prevalent in ancient pop- 
ulations of the Iberian Peninsula since Mesolithic 
times (20.7 to 70.7%) (table S9) (22-24). As a 
result, the BBC clusters with these Iberian pop- 
ulations (Fig. 1, C and D), whereas the results 
from Procrustes and MDS were less informative. 
However, genetic links between the BBC and 
modern Iberian populations were supported by 
genetic distance maps accounting for H sub- 
haplogroups (fig. S7H) and ancient mitochon- 
drial H genomes (/2). These suggest the BBC 
was associated with a genetic influx from south- 
west Europe (movie S1), which is consistent with 
the oldest archaeological signs of this culture being 
found in Portugal ~2800 cal BCE (2, 3). 

The onset of the EBA in Mittelelbe-Saale 
(~2200 cal BCE) was characterized by socially 
and economically stratified societies associated 
with the emerging metallurgies (2-4). All of the 
analyses show close genetic links between the 
EBA and the CWC (Figs. 1, C and D, and 2A) 
on the basis of elevated frequencies of Late 
Neolithic/EBA haplogroups such as I, U2, and 
T1 (22.3%) (Figs. 1C and 3 and fig. S3), and both 
appear to have similar affinities to modern-day 
East European populations (movie S1 and figs. 
SSI to S8I). TPC (Fig. 2D) indicate a minimal con- 
tribution of the BBC to the EBA in Central Europe. 
Thus, the Late Neolithic/EBA in Mittelelbe-Saale 
appears to have witnessed rapid and dynamic 
changes in mtDNA composition at the crossroads 
of distinct Eastern and Western European influ- 
ences (movie S1). 

To investigate the potential impact of the 
geographically widespread archaeological cul- 
tures and events examined here (fig. S2) on the 
demography and genetic variation of present-day 
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Central Europeans, we compared the ancient data 
with a Central European metapopulation (CEM) 
consisting of 500 randomly selected individuals 
(13). AMOVA supports a model of continuity 
from the Late Neolithic/EBA to the CEM with the 
best inter- and intragroup variance observed when 
all Late Neolithic/EBA samples are pooled with 
the CEM into one group and the Early/Middle 
Neolithic specimens into another (among groups 
2.57%, Fy. = 0.02572, P = 0.00891; within groups 
0.50%, Fy = 0.00511, P = 0.08089) (table S14). 
TPC analyses also support continuity since the 
Late Neolithic/EBA (P = 0.134672 to 0.418949) 
(Fig. 2D). Similarly, Bayesian coalescent-based 
simulations (/3) support a demographic model 
involving exponential population growth since 
the Neolithic with a contribution of at least 50% 
migrants to Mittelelbe-Saale during the Early Neo- 
lithic. This is followed by a constant ratio of gene 
flow/admixture between Early/Middle and in- 
coming Late Neolithic/EBA components and, after 
this fusion, a genetic continuity until the present 
day (Akaike Information Criterion 99.9%) (fig. 
S8 and table S15). The fact that continuity since 
the Late Neolithic/EBA could not be rejected con- 
firms that the succeeding events B to D, despite 
their differing geographic affinities, had formed 
today’s mtDNA diversity. Notably, the CEM clus- 
ters with the Late Neolithic cultures and individ- 
uals of the BBC in particular (Fig. 2A), suggesting 
that the Western European mtDNA variability had 
a stronger influence than the contemporaneous east- 
ern CWC/EBA complex, implying yet another 
shift after the EBA. 

We evaluated the amount of lineages in the 
CEM that can be attributed to particular time pe- 
riods by characteristic haplogroups (/3) and found 
that a total of 53% can currently be assigned to 
the Palaeolithic/Mesolithic (16%), Early/Middle 
Neolithic (31.2%), and Late Neolithic periods 
(5.8%) (Fig. 3). The remaining proportion of lin- 
eages (47%, mainly haplogroup H) requires fur- 
ther resolution (/2). The presence of all major 
mtDNA haplogroups by the end of the Neolithic 
makes it increasingly difficult to discern recent 
demographic changes and would require larger 
population events to have an observable effect 
and/or full mitochondrial genome sequencing to 
detect more subtle changes. 

The detailed genetic analyses of this transect 
through Neolithic Central Europe demonstrate 
the key role of Late Neolithic cultures at the dawn 
of metallurgy and stratified societies in the forma- 
tion of modern Central European mtDNA diver- 
sity. The four successive genetic shifts highlight 
the biological cohesiveness of archaeological 
cultures such as the LBK, FBC, CWC, and BBC 
cultures and the importance and dynamics of 
genetic input from different geographic regions. 
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